
  

 
Abstract The foot and ankle is among the most frequently injured body regions in motor vehicle collisions 

(MVCs), particularly within the small female population. The study aims to enhance the GHBMC-owned 5th 

percentile female (F05) detailed occupant finite element (FE) model using comprehensive validation data 
generated for small females. The anatomical representation and injury characterisation of F05 ankle model was 
updated from the previously released model. A methodology for shoe fitting was developed and simulations were 
performed under load cases representing shod foot and ankle impacts potentially experienced by MVC occupants. 
The simulations achieved CORelation and Analysis (CORA) score ranging from 0.692 to 0.989 over the suite of 
validation cases, with the force or moment response curves generally lying within the test corridors. To predict 
the failure in the ankle simulations, failure threshold of the leg bones was defined using scaled male dataset. The 
ankle simulations performed show that although the model response lie within bounds of the test dataset, some 
differences in the failure patterns were observed, which may be a result of difference in material properties 
between the sexes. Future work will focus on improving tissue level injury predictions using simulations and 
experiment data for small females.  
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I. INTRODUCTION 

Computational Human Body Models (HBMs) are important tools used in automotive industry for the 
development of injury mitigation systems during the design phase of the vehicles. To minimise injuries caused 
due to MVCs, the HBMs should be representative of various occupant demographics as seen in real world accident 
cases. Various studies have suggested that females are at greater risk of lower extremity injury due to MVCs, with 
a higher probability of injury at the ankle region compared to males[1–3]. Thus, ankle injury is important to 
consider for all occupants, and it may be especially important to prioritise refining the injury prediction capability 
of the ankle region in female HBMs.  

HBMs’ ability to generate biofidelic responses in automotive load settings depend on the validation data they 
are based on. The foot and ankle region of the GHBMC-owned seated, detailed F05 model includes anatomy of 
both soft and hard tissues[4], and validation of the F05 ankle region was performed with data scaled from tests 
performed on 50th percentile male (M50) surrogates[4-5].  Previous experimental studies have scaled the 
response individual leg and femurs to an M50 response in bending by considering the external force applied and 
the sectional and inertial properties of the bones[6]. A follow-on computational study demonstrated that 
incorporating subject-specific femur geometry improves the prediction of injury in three-point bending tests[7].  
However, in absence of subject-specific data for females, male data was scaled for comparison considering similar 
material properties of tissues in adults[4], [8]. The ankle region is a complex structure consisting of the distal ends 
of the tibia and fibula and the subtalar bones, held together with ligaments. Due to the nature of anatomy at the 
ankle joint, linear scaling of the male data for comparison with female response may be inaccurate. Recent studies 
have shown that scaling average male data for the ankle region may not accurately infer responses of the small 
female ankle[9], since the overall response of the ankle depend on the geometry of the foot and interaction 
between bones and other soft tissues. It has also been demonstrated that presence of shoes may affect the 
kinematics and injury response in the ankle[9]. Since occupants wear shoes in vehicles, incorporating a shoe 
model with the HBM is needed for prediction of ankle injuries in an automotive loading environment. 

Relative to the baseline model that was previously developed[4], [10], the present work refined the geometry 
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of the F05 ankle bones and ligaments to improve the anatomical representation, updated material properties of 
ligaments to better represent the in situ response, and defined failure thresholds of the ankle anatomical 
components. The isolated bones and soft tissues were individually validated assuming consistent material 
properties with the males. A shoe model was then developed and integrated into the F05 model with proper 
fitting. The updated model with shoes was evaluated against several experimental shod ankle loading cases 
relevant to lower extremity loading during an MVC. 

II. METHODS 

Model Anatomy and Mesh Improvements 
Previously a full body FE model representing the anatomy of the soft tissues, bones and internal organs of a 

5th percentile female (150.9 cm and 49.0 kg ) volunteer was developed[4], [10]. In this study, improvements to 
the anatomical representation of the ankle were made. Ankle cartilage was added to the distal ends of the tibia 
and fibula, the calcaneus, and talus to improve the contact and load transmission between ankle bones (Fig. 1)[11-
12]. Attention was given to the representation of cartilage thickness to fill the void between the ankle bones.  The 
cartilage thickness ranged from 1 mm – 4 mm, based on a previous parametric study [4], [11-12].  

 
 

   

  

(a) (b) 
Fig. 1. GHBMC F05 foot and ankle FE model: (a) The full foot and ankle body region; (b) Ankle bones along with 
cartilages – from top left moving clockwise: tibia, fibula, talus, and calcaneus. 
 
The ankle bones – tibia and fibula distal ends (shown in the Appendix), talus, and calcaneus were modelled 

using hexahedral elements for the trabecular bone surrounded by shell elements representing the layer of cortical 
bone[4], [10]. Variable nodal thickness ranging from 0.9 – 2.6 mm was assigned to the shell elements representing 
the cortical bones which captured the variability of the cortical layer thickness along the length of the bones[13]. 

  

   
Fig. 2. GHBMC F05 ankle ligaments. 
 

Ligaments were modelled using discrete tension-only beam elements (Fig. 2). Major ankle ligaments affecting the 
response of the foot include anterior tibiotalar (ATT), posterior tibiotalar (PTT), tibiocalcaneal (CT), tibionavicular 
(TiN), the anterior talofibular (ATaF), posterior talofibular (PTaF), calcaneofibular (CF), the anterior tibiofibular 
(ATiF), and posterior tibiofibular (PTiF) ligaments. The ligaments were modelled with multiple beam elements 
throughout the width with appropriate origin and insertion points, as determined from bony landmarks[9]. The 
ligament forces were only applied in tension and force-displacement response was equally distributed among the 
elements making up the ligament.  
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Material Properties 
A complete description of the material properties used in the model is provided in the Appendix. The material 

properties of the leg long bones were obtained from the previous study of F05 foot and ankle[4] and the M50 
lower extremity model[5]. In absence of the female data, same material was used for F05 female FE model as was 
used in the M50 model. Both the trabecular and cortical bones were modelled with an elastic-plastic constitutive 
law, and the material parameters of the bones were determined from test cases performed on isolated bone 
specimens[6], [14-15]. Rate sensitivity in the materials was not considered as the elastic-plastic material was 
found to be accurate within the range of loads applied in these studies. Failure of the bone tissue was initiated 
using a maximum principal strain criterion to allow the bone material to fail only in tension[16]. 

To calibrate the failure threshold of the F05 tibia and fibula bone material, two simulation cases were used. 
The first case applies three points bending to the leg at an approximate velocity of 1.5 m/s (Table I – Leg 
impact)[14]. Simulations were performed by loading the leg FE model at one third of the tibial length from the 
proximal end. In the second case, the leg was subjected to a combination of axial compression and anterior-
posterior bending loads[15]. The test fixture was designed to impart axial compression ranging from 2 – 8 kN. 
After applying the axial compression, an impactor was set to load the specimen at the center of the proximal-
third shaft section (length of the un-potted leg) to failure at a constant velocity of 1.5 m/s (Table I – Combined 
loading). To determine the failure threshold, the force response in the calibration cases were scaled using a tibial 
length based scaling approach (details in Appendix) [4], [6] before comparing with the FE response.  The flesh and 
muscle materials were also considered to be consistent with the male FE model[4], [8]. 

 
Table I 

Summary of calibration cases for lower extremity bone failure  
Load case Boundary conditions 

 
Leg impact, 1.5 m/s 

 

 

 
Leg combined loading, 1.5 
m/s impactor velocity, 2-8 

kN axial compression 

 

 
Ligaments were modelled using discrete beam elements with force-length relationship (Fig.3) obtained from 

previous tensile stretch experiments[17] and computational optimization studies[11-12]. The failure threshold 
was modeled as gross failure of the elements at maximum tension obtained from[12], [17] and shown as 
maximum displacement for each beam (Fig 3). The failure displacement from the earlier studies[12], [17] were 
scaled for the relaxed length of the ligaments in the F05 model. 

 

 
Fig. 3. Force-displacement relationship of ankle ligaments. The maximum displacement of each ligament in the 
plot is the failure threshold of the ligament.  
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Shoe Development for 5th Percentile Female Occupants 
Previous experiments performed on small female lower extremities demonstrated that presence of shoes 

affect the biomechanical response of the foot and the resulting injury pattern caused during a simulated toe-pan 
intrusion[9]. The type of shoe used in that study was the Military Specifications (MIL-SPEC) shoe (MIL-S-21711E), 
which is the same shoe as used in the 5th percentile THOR dummies. To make a FE model of the MIL-SPEC shoe, 
the shoe was laser scanned and the digitised geometry was used to create a FE mesh (Fig. 4). The shoe sole was 
modeled as a hyperelastic material based on the material properties in the National Highway Traffic Safety 
Administration (NHTSA) THOR FE shoe model. This shoe material was developed by calibrating the FE shoe model 
response to THOR certification test data[18] and the material details are provided in the Appendix.  

 
  

(a) (b) 
Fig. 4. GHBMC F05 shoe development: (a) Physical MIL-SPEC shoe (5th female version); (b) FE model of the shoe 
scaled to fit the F05 model. The laces in the shoe are modeled using 1D seatbelt element. 

For shoe fitting, the shoe model was initially positioned along the F05 foot without contact, and then was 
uniformly scaled to 1.5 times its original dimension. Next, the expanded shoe was simulated to contract it back 
to its original size, but this time including a contact between the foot and the shoe. For this procedure, the foot 
was made rigid during the simulation to make the shoe conform to the original foot shape. Finally, shoelaces were 
modelled using seatbelt elements, which enabled the top of the shoe to tighten around the foot. The coefficients 
of friction associated with the contact between shoe and feet was adjusted to 0.5 to prevent any sliding. The 
thickness of the shoe top was 3.5 mm based on the measured thickness of the physical shoe. The snug fit on the 
foot, along with the tensioning of the laces and increased friction combine to give a good coupling of the F05 foot 
to the shoe. 

Evaluation of Ankle Bio-fidelity 
For evaluation of biofidelity of the F05 foot and ankle model, validation cases were chosen which are most 

likely to be encountered by occupants during motor vehicle collisions. The complex nature of the ankle joint 
makes it difficult to use a scaling approach to compare the different geometry sizes. A previous study  comparing 
male and female foot inversion/eversion response showed that scaling mid-sized male biomechanical responses 
under this type of loading condition overestimated the failure moment for females using both mass-based scaling 
and anatomy-based scaling approaches[9]. In the current study, the response of F05 foot and ankle model was 
compared only to small female post-mortem human surrogate (PMHS) experimental data to analyse the 
biofidelity of the model. The validation dataset includes foot inversion and eversion[9], dynamic dorsiflexion[19], 
and axial impact to the foot[20]. The model biofidelity was also assessed for both the shod and unshod foot when 
this type of data was available. The failure strain determined in the bending studies (Table I) was used to identify 
and predict bony failure in the ankle validation cases. Failure of the ligaments was defined as maximum elongation 
from the relaxed neutral position (Fig. 3) for the simulations.  

The response of the ankle FE model under inversion/eversion was validated with experimental data generated 
with an axial pre-load of 2kN at the tibia[9]. In the experiments the foot below the knee was separated, the 
proximal tibia end was potted, and rotation was applied about the subtalar joint using a floor pan. The foot was 
fixed to the pan using sliding blocks, and cable was used to prevent any sliding of the foot. During the testing, 
moment at the ankle joint was measured. To simulate the loading condition, the lower extremity below the knee 
was extracted from the GHBMC F05 model and the proximal end of the tibia was fixed to reproduce the boundary 
conditions used in the testing. The metatarsal bones and calcaneus lower end were fixed to a rigid plate, which 
was prescribed to rotate about the ankle joint. During the simulation the moment time history was calculated 
using predefined sections at the foot (Table II – Ankle inversion/eversion). For the shod cases, the shoe sole was 
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attached to the plate before applying the motion. 
In the foot axial impact case[20], PMHS legs were extracted from the midthigh, the knee was constrained in all 

three directions whereas the femur was constrained in flexion. The FE model for simulating the axial impact was 
extracted from mid-thigh and the femur was fixed in all degrees of freedom (DOF) near the femur distal condyle. 
The foot was initially rested against an impactor footplate and the footplate was prescribed a displacement-time 
history as measured in the tests while in contact with the plantar surface of the foot. In the impact case with 
shoe, the shoe sole was kept in contact with the plate before the impact. Forces were measured in the mid-tibia 
and compared with the experiment forces. 

For the dynamic dorsiflexion case[19], the foot was placed on a cylindrical impactor, and during the loading, 
the impactor struck the foot to force the foot to dorsiflexion. Testing was carried out under both shod and unshod 
conditions. In the simulations, the set-up to apply loading to the foot was replicated. The model proximal end 
was setup similar to the axial impact case and the foot was impacted by a rigid body having dimensions of the 
impactor used in the experiments. The force was measured at a pre-defined tibia cross-section, in a similar 
position where forces in the experiments were measured. 

In all the above loading conditions, simulations were performed with the barefoot model as well as the shod 
FE model. The comparison of the models’ behaviour at the simulation start time and the suring the application of 
load is provided in the Appendix. The differences in the results due to presence of the shoe was measured and 
compared with the experimental data.   

TABLE II 
VALIDATION CASES FOR THE ANKLE 

Simulation loadcase Model set-up Model response 
 
 
 
Ankle eversion/ inversion 
1o /s rotation, 2 kN 
preload [9] 

  
 
Moment vs rotation measured at 
the ankle centre 

 

Foot axial impact 

3m/s impact, 28.4 kg 
impactor [20] 

  

 

Force vs impactor displacement 
measured at the tibia 

 
 
 
Dynamic dorsiflexion  
3.1 m/s  impact [19] 
 
 

  
 
 
Force vs impactor displacement 
measured at the tibia 

 

Application of Preload 
In the inversion/ eversion load case, an axial preload of 2 kN was applied at the tibia potting end using the 

spring system in the testing apparatus. To apply the preload in the FE model set-up, the proximal tibia end was 
attached to a rigid plate and the plate was moved axially to achieve the desired pre-load at the mid-tibial cross 
section (Table III – row 3).  When the pre-load was reached, the plate applying the preload was stopped and held 
at the same location before application of the ankle moment. This ensured that the loading was applied after the 
ankle was stablilised with an axial tibial load of 2 kN. 
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(a) (b) 

Fig. 5. Application of preload: (a) Model setup for preload application; (b) Force measured at the tibia during 
application of pre-load. The red line represents the time at which the moments in the ankle joint was applied. 

Model Instrumentation for Measurement of Forces and Moments 
For measuring the forces and moments during the simulations, cross-section areas were defined at the tibia 

and the ankle. For measuring the moment at the ankle region during the eversion/ inversion load-case, a static 
section based on location of the ankle center (Table III – Row 1) was defined. Apart from measuring the moments 
at the ankle center, forces and moments were also measured at the tibia distal end (Table III – Row 2) and then 
transferred to the ankle center as was done in test series[9]. The details of moment transfer is shown in the 
appendix. The axial pre-load force was measured at the cross-section area defined at mid-tibia (Table III – Row 
3). The forces during axial loading and the dorsiflexion load-case were measured at the mid-tibia cross-section. 

TABLE III 
 INSTRUMENTATION FOR MEASURING RESPONSE  

Cross-section Load-case 
  

 
Measurement of moment at the ankle 
center for the inversion/ eversion load 
case. 

  
Section for measurement of ankle 
moment during ankle inversion/ 
eversionand transfer to ankle centre. 

  
Section for measurement of force in 
axial loading, dorsiflexion loading, and 
preload during inversion/ eversion. 

 

III. RESULTS 

The biofidelity evaluation of the GHBMC F05 foot and ankle model was performed using barefoot and shod small 
female experimental data. A quantitative comparison between the biomechanical response of the model to 
reported test data is provided, in addition to a qualitative assessment of the model-predicted injury compared to 
injuries observed experimentally. A summary table of all the test cases is presented at the end of this section.  
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Bone Material and Failure Evaluation 
The material parameters were determined based on the comparing the response of the FE leg model to the 

scaled data from the bending tests. Maximum principal strain was used as the failure criterion as our previous 
experimental and simulation studies have shown that the long bones fail in tension[16]. The response of the 
model in the leg proximal bending case[14] was influenced by the surrounding flesh and the behavior of the tibia 
and fibula. The moment-displacement curve became steeper after 15 mm of impactor displacement indicating 
complete compression of the flesh around the bones. The leg moment curves show an initial dip in response on 
account of fibula fracture, followed by rise in moment due to the tibial stiffness. The final reduction in moment 
response in the curve is the result of fracture of the tibia. In the combined bending and compression test[15], the 
failure moment corresponding to axial force is plotted in Fig. 6(b). Based on the two cases, the failure principal 
strain value of the bones was determined and found to be 1.5% for the cortical bones. Max principal stress of 
1.5% have been used to determine failure in the ankle simulations. 

 
  

(a) (b) 
Fig. 6. (a) Moment response comparison with scaled M50 data in the leg bending test. (b) Axial load vs max 
bending moment before failure in the combined loading case. 

Ankle Evaluation 
In the dynamic inversion loading case, the ankle exhibited a similar response observed in the experiments (Fig. 

7). The ankle moment increased with the rotation of the foot until a failure of the soft or hard tissues was attained 
during the simulation. In the experiments the mean failure moment observed for the inversion loading cases was 
-41.5 Nm[9] and the failure moment observed in the FE study was observed at -39 Nm. While the FE model could 
replicate the bony failures, it also predicted failure of the CF ligament, which was not observed in the tests. For 
the shod case, failure of the CF ligament was also observed in the simulation, whereas in the shod experiments, 
avulsion near the CF attachment points was observed. During the simulations, there was no major movement or 
slip between the foot and shoe, which was consistent with that observed in the experiments. 

  
  

(a) (b) 
Fig. 7. Dynamic response of the model under inversion loading- Moment vs rotation: (a) Barefoot (CORA 0.752); 
(b) Shod (CORA 0.855). 
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Under the eversion loading, a similar trend of increase in the ankle moment until an injury was observed (Fig. 
8). For eversion a wider failure range was observed in the tests with average failure moment of 64.2±25.2 Nm. In 
the simulations, the failures were observed at the deltoid ligaments (CT, PTaT) at around 55 Nm along with 
fracture at the distal end of the tibia. This was consistent with the experiments, where the most common injury 
observed was a medial malleolar fracture. For the shod simulations, the nature of the moment-rotation curve 
and the failure patterns of the distal ends of the tibia and fibula were like those observed in the experiments. 
Avulsion failures were found at the insertion points of the deltoid ligaments in the experiment, while the 
simulations predicted the rupture of the deltoid ligaments. 

 

  
(a) (b) 

Fig. 8. Response of the model under eversion loading - Moment vs rotation: (a) Barefoot (CORA 0.688); (b) Shod 
(CORA 0.692). 

In the axial impact case, the impactor was placed in contact with the foot (or shoe) such that a minor preload 
of 100 N was measured at the tibia before the impact. The FE model force measured at the mid-tibia cross section 
response was generally within the experimental corridors for both shod and barefoot cases (Fig. 9). The FE model 
predicted fracture of the foot and ankle bones and the tibia plateau during the simulated axial impact. This was 
consistent with the observations in the experiments, where fracture was also identified at the ankle bones and 
the tibia plateau. In simulations, failure was observed both at the plateau and distal tibia end. 

   
(a) (b) 

Fig. 9. Response of the model under axial impact – Moment vs rotation: (a) Barefoot (CORA 0.989); (b) Shod 
(CORA 0.898). 

The force response measured at the tibia in the F05 ankle model for the dorsiflexion cases was similar to those 
observed in the experiment and within the experimental corridor, but after 40 mm of the impactor displacement, 
the force measured at the tibia in the FE model decreased due to fracture of the tibia and failure the CF ligaments 
(Fig. 11). This response was not consistent with the experiment, where no injuries were observed in the tests with 
shoe and one of the seven specimens tested in barefoot condition sustained a medial malleolar fracture. Failure 
of tibia near the medial malleoli was observed in both the shod and unshod FE simulation. In the unshod 
simulation failure to the CF ligaments was predicted and partial failure of ATaF ligament also observed.  
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(a) (b) 

Fig. 11. Response of the model under dorsiflexion - Moment vs rotation: (a) Barefoot (CORA 0.951); (b) Shod 
(CORA 0.882). 
 

TABLE IV  
COMPARISON OF FE MODEL WITH VALIDATION DATASET 

Loadcase CORA score Experimental injury FE simulation injury 
 

Inversion [9] Barefoot 0.752 distal tibia and fibula fracture Calcaneofibular (CF) 
ligament rupture, tibia distal 

end fracture 
Shod 0.855 Calcaneofibular (CF) avulsion, 

Medial malleolus fracture 
Calcaneofibular (CF) 

ligament rupture, tibia distal 
end fracture 

Eversion [9] Barefoot 0.688 Deltoid avulsion  
(CT, TiN), Medial malleolus 

fracture, Distal fibula fracture 

Deltoid ligament rupture (CT, 
PTaT, TiN) 

Shod 0.692 Medial malleolus fracture, Distal 
tibia fracture, deltoid rupture 

Deltoid ligaments rupture, 
tibia and fibula distal end 

fracture 
Axial impact 
[20]  

Barefoot 0.989 Tibia plateau fracture, Tibia distal 
fracture 

Tibia plateau fracture, Tibia 
& fibula distal end fracture, 

deltoid ligament tear 
Shod 0.898 Tibia plateau fracture, Bony failure 

at the distal end 
Tibia plateau fracture, Tibia 

and fibula distal end fracture 
Dorsiflexion 
[19] 

Barefoot 0.951 Medial malleolar fracture in one 
specimen 

Calcaneo-fibular (CF) 
Tibia distal end 

Shod 0.882 No failure Tibia distal end  

IV. DISCUSSION 

The current study improves GHBMC F05 ankle model by refining various anatomical details of bones, cartilage, 
and ligaments. Solid cartilage was added to the ankle bones to improve the interaction and load transfer between 
the bony structures. Ankle ligaments were represented as multiple segments of beam elements with the end 
points attached to the bony protrusions of the ankle model. The post-test dissection of the female foot and ankles 
during the validation studies (Table II) showed no clear and consistent origin and insertion locations of the ankle 
ligaments across the specimens. However, it was observed that ligaments were commonly attached to the 
protruded regions of the ankle bones, the location of which varies marginally between the specimens.  

The material properties of the bones and a failure threshold for these materials were calibrated for the F05 
model using length-scaled leg bending data from mid-sized males, owing to a lack of comparable female data.  An 
FE shoe model was developed for the F05 occupant model based on the dimensions of the MIL-SPEC shoe used 
in 5th percentile female THOR dummy. Fitting simulations were performed to ensure that the shoe around the 
foot is taut and the relative motion between the shoe and the foot was consistent with what was observed 
experimentally with shoe-wearing specimens.  
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Ankle Evaluation 
 Results from the simulations performed with the F05 foot and ankle under the validation cases were 

compared with the test data, and the CORA score achieved was greater than 0.75 in the foot inversion, axial 
impact, and dorsiflexion case (Table IV). In the foot eversion simulation, the obtained CORA score with ankle 
moment time corridor was 0.688 and 0.692 for barefoot and shod cases respectively.  In the barefoot inversion 
case, the moment response was found to be stiffer for the first 15o of rotation. Rotation in the barefoot condition 
was directly applied to the lower calcaneus, which caused the sudden elongation of the lateral ligaments (CF, 
PTaF) causing the high stiffness. In the shod inversion, the shoe sole was attached to the foot plate with the laces 
maintaining the shoe coupling at the midfoot. Minor slippage between the heel of the foot and the shoe sole 
prevented the increased stiffness in the first 10o of the inversion. Post initial 10o motion between the foot and 
the shoe was insignificant. In the shod eversion case, the presence of shoe stiffened the response after 15o by 
reducing the relative motion between tibia and fibula offering slightly higher resistance to the motion.  

The axial impact case showed good biofidelity with CORA score of 0.989 for the barefoot impact and 0.898 for 
the shod impact. For the dorsiflexion case too, the initial response up to 60 mm in the barefoot case showed 
biofidelic response until the failure of CF ligaments. The shod dorsiflexion case too had good correlation the test 
data with a CORA score of 0.882 up to 80 mm of the impactor movement.  

Injury Investigation 
The maximum principal strain value for bone fracture determined from the bending tests and the maximum 

elongation to failure of the ligaments determined from previous studies were used to analyse the failure patterns 
in the ankle while simulating the four validation cases. The failure of the hard and soft tissues predicted in the 
simulations was compared against the injuries obtained in the tests in table IV.  

In the ankle eversion-inversion simulations, the model predicted failure of the ankle bones in both the shod 
and unshod cases. In the barefoot inversion case, no injuries to the ligaments were observed in the experimental 
tests, while the simulations predicted failure to the CF ligaments. The failure moments measured in the barefoot 
eversion and inversion were within the test failure ranges, while considerably less than the failure moment 
obtained by scaling the male test dataset. In the shod inversion cases, no actual ligament failure was observed in 
the experiments, although bone avulsions were found at the insertion points of the CF ligament.  In the shod 
inversion cases as well, the FE model predicted failure of the ligaments. In the eversion cases, while the FE model 
could predict bony fractures similar to the tests, the simulations also predicted rupture at the deltoid ligaments. 
One probable reason for this difference of failure is that in the human ankles, the ligaments are stiffer at the 
attachment points to the bones, but this property has not been captured in the FE model. Since the PMHS in the 
experimental studies were from an older population, there may propensity for an avulsion injury rather than a 
ligamentous injury owing to deteriorating bone quality. Most investigation into aging as a factor on ankle injury 
mechanisms and tolerance is needed. 

The injury patterns in the axial impact simulation cases were similar to the tests, with the tibia and fibula failing 
at both the proximal and the distal ends. In the barefoot impact simulations, portions of the deltoid ligament (CT, 
TiN) failed, but the failure in those elements was determined to be caused by the erosion of the cortical elements 
to which the beams were attached. In the shod case, only the failure of the bones was predicted by the model. 

In the dorsiflexion case, no failures were observed in the experimental tests. In the barefoot simulation, failure 
of the CF ligament was observed due to the increased relative movement of the calcaneus compared to fibula. In 
the shod case, the relative movement of the fibula was constrained but the shoe which prevented this ligament 
from failing. Failure was observed at the distal end of the tibia due to the contact with talus, which reduced the 
force measured at the tibia. However, failure in the shod dorsiflexion case was highly localized and isolated to the 
contact point between the talus and tibia during the forced dorsiflexion of the foot. 

Previous studies have developed injury risk functions for simple ankle inversion/ eversion loading, and these 
can also be used to predict failure in the HBM simulations[9]. However, in a more complex loading scenario (such 
as those in MVC) the forces acting on the ankle joint are a combination of various loading modes and isolated risk 
functions may not be appropriate.  

Limitations 
 One of the limitations of the study is the use of scaled male data based on tibia length to characterize the tibia 
and fibula failure tolerances. The calibration of this failure response assumed that the elastic material properties 
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of the female bones were the same as the males, and variations in cortical geometry or bone mineral density 
(BMD) may invalidate this assumption [9],[21]. Future improvements to the model should utilize female-specific 
material data.  

While the force and moment response at the tibia and ankle cross-sections were similar to tests (CORA scores 
ranging from 0.688 to 0.989), the failure patterns observed in some of the ankle simulations differed from those 
observed in the tests. Specifically, the simulation predicted failure of the distal tibia in the shod dorsiflexion cases, 
while no such failure was observed in the tests. In the axial tests, only two out of the 12 specimens tested had 
injury at the distal tibia, but in simulations considerable failure was observed. Beyond the potential inaccuracies 
to the material properties and failure thresholds for females in this region, the discrepancies in some of the 
predicted injuries may be related to the use of element deletion as failure criterion for the ankle bones. The bony 
failure threshold in the model was determined using the calibrated cortical bone failure from leg bending tests. 
The tibia and fibula shaft in the F05 FE model, which is where the calibrated fracture occurred, is represented by 
solid elements whereas the ends of these long bones represent the cortical bone as shell elements. Differences 
in the modeling approach between the shaft and the ends could also lead to the difference in injury patterns seen 
in the simulations. Furthermore, the maximum principal strain (the metric used for fracture) in the distal end of 
the tibia was concentrated at points of contact, especially during the shod dorsiflexion simulations. Additional 
refinement of the approach to joint contact may be necessary to improve injury prediction in these areas. 

All the shod simulations performed in this study used the MIL-SPEC shoes. It is likely that for a different shoe 
model, the biomechanical response of the model will be different. However, the shoe modelling and fitting 
methodology used in this study can be used for other shoes as well.  

V. CONCLUSIONS 

The current work presents the refinement and validation of the GHBMC 5th percentile female (F05) foot and 
ankle model. Biofidelity was assessed using small female PMHS data, utilizing barefoot and shod configurations. 
The shoe fitting process developed in this study resulting in an accurate shoe-foot interaction, and this approach 
can be extended to other types of footwear that are common among vehicle occupants. The ankle validation 
simulations demonstrated that although the model response lies within experimental variance the test data, 
some differences in the failure patterns were observed. Research into female specific material properties and 
biomechanical data is needed to continue progress on the F05 model. Future work will be focused on improving 
tissue level injury predictions using simulations and reliable experiment data for small females.    
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VIII. APPENDIX 

Appendix A: Brief discussion of the tibia and fibula geometry 
The tibia and fibula of the 5th percentile female FE model consist of midshaft cortical bones meshed as solid 

elements and proximal and distal cortical layers modeled as shells (Fig. A1). The end cortical shells surround the 
trabecular bones which are models as solid hexahedral elements. Care was taken to taper the joining region of 
the shaft and the trabecular ends to prevent any stress localization. 

 (a) 

(b) 

(c)  (d)  

Fig. A1. Geometry of (a) tibia (b) fibula (c) tibia distal end section (d) fibula distal end.  

The shell elements of the tibia and fibula end cortical layers were assigned variable thickness (Fig. A2) based 
on [10] using the methodology developed by [13] 

   

Fig. A2. Cortical bone thickness of tibia and fibula (a) proximal end (b) distal end. Legend on the right shows 
fringe plot of thickness in mm. 

(a) (b) 
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Appendix B: Shoe material  
The dummy shoe material was derived from THOR certification tests [19]. While the shoe sole material was 

derived from the tests, the shoe top was assigned elastic material and Young’s modulus was finalised after a 
sensitivity study with interaction with the foot skin. 

TABLE B I  
SHOE MATERIAL MODEL USED  

 Material type Young’s modulus 

Shoe sole MAT_LOW_DENSITY_FOAM 0.0053 

Shoe top MAT_ELASTIC 0.2 

Appendix C: Scaling factors used in the current study 
The scaling factors used in the leg bending tests was based on tibia length. The force and moment response 

were scaled based on the characteristic length scaling [4, 7] 
TABLE C I 

SCALING FACTORS USED IN THE TESTS 
Scaling parameter Scaling factor 
Characteristic length  λL = ratio of tibia length 
Material stiffness λE = 1 (same material for male and female) 
Force λF = λL

2.λE 
Moment λM = λL

3.λE 
Displacement λD = λL 

The tibia characteristic length was measured from tibial spine to medial malleolus measured parallel to the 
tibial axis. The tibial length was compared against 50th percentile reference length of 378.7 mm [16]. The FE length 
have been compared to 50th percentile tibia length as [16] has reported the forces scaled for 50th percentile tibia. 

 

Fig. C1. Characteristic length of the tibia. 

Based on the measurements of the FE model the λL for tibia length is calculated as 0.8808. Nie et al. [4] had 
performed mass-based scaling for comparison of ankle moment. The λL for mass scaling can be calculated as 𝜆𝜆𝐿𝐿 =
 𝑀𝑀𝐹𝐹05
𝑀𝑀𝑀𝑀50

 using mass of M50 and F05 FE model. The mass scaling value used in [4] was 0.8737 and moment scaling 

was calculated as 0.667. 
In the material characterization studies, loads were applied to leg in anterior-posterior direction to failure of 

the bones (Fig. C2). Based on the results of the simulation the failure threshold of the leg bones were adjusted. 
Simulations were performed with leg models of 50th percentile male (M50) model and F05 model and same 
material was determined for both the models (Results shown in Fig. C3). 

 

Fig. C2. Details of the leg model and loading [16]. 
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Fig. C3. Comparison of F05 model response (solid) and M50 model response (dashed) with experiment data 
and scaled data. 

The materials and failure threshold derived for the leg bones are tabulated below 

TABLE C II 
FINAL MATERIAL PARAMETERS AND FAILURE VALUES FOR LEG BONES 

 Young’s modulus 
(MPa) 

Yield (MPa) Tangent 
modulus 

ν Failure MPS (%) 

Tibia cortical 15.5 0.125 0.7 0.3 1.5% 
Tibia trabecular 0.445 0.0053  0.3  
Fibula cortical 15.5 0.125 0.7 0.3 1.5% 
Fibula trabecular 0.445 0.0053  0.3  

Appendix D: Ankle validation and instrumentation 

TABLE D I 
ANKLE INVERSION 

 

Barefoot 

  

 

Shod 

  

 t = 0 ms t = 32 ms 
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TABLE D II 
ANKLE EVERSION 

 

Barefoot 

  

 

Shod 

  

 t = 0 ms t = 32 ms 

TABLE D III 
AXIAL IMPACT 

 

Barefoot 

  

 

Shod 

  

 t = 0 ms t = 40 ms 
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TABLE D IV 
DORSIFLEXION 

 

Barefoot 

  

 

 

Shod 

  

 t = 0 ms t = 35 ms 

The leg and ankle of F05 was instrumented to measure forces and moments during the simulation (Fig. D1). 
Moment at the ankle center was measured using a static section at the ankle joint. A section was also created at 
the tibia-fibula distal end to measure the response and transfer the moment to the ankle center. 

   

(a) (b) (c) 
Fig. D1. Cross section to measure moments at the ankle center (a) static cross section (b) tibia and fibula 
distal cross center lateral view (c) tibia and fibula cross section top view 
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The moment was calculated at the ankle center (Mankle) from the cross-section (MCS) moment as  
                                                                   Mankle = MCS + dzxFx + dyxFz                                                                                                                        (D1) 

Comparison of moment measured at the ankle cross section and the moment calculated for barefoot inversion 
case from Eq. (D1) is shown in Fig. D2 

  

(a) (b) 
Fig. D2. Comparison of moment measured in barefoot inversion at ankle center and moment derived at the 
center from tibia distal section (a) Moment-time (b) Moment-angle history 
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