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ABSTRACT 
 
A detailed finite element (FE) model has been 
developed of the human lower leg in order to 
investigate the mechanisms that cause severe ankle 
injuries in frontal impacts. 
 
Predictions from the model have been validated 
against the results from two separate sets of sub-
injurious and injurious PMHS tests. The model 
correlated well against the test results and it was 
estimated that a predicted von Mises stress of 
120 MPa correlates to a predicted risk of injury to 
the calcaneus and talus bones in the model. 
 
A series of predictive model runs were also carried 
out to investigate the influence that environmental 
and subject variations have on the predicted injury 
risk of the ankle. The set-up of all these model runs 
were based on sled impact tests in which PMHS 
legs were mounted on a sled rig with the feet 
resting on a heel and mid-foot pad. The 
environmental investigations included model runs 
with and without the heel pad and loading the foot 
in eversion and a neutral position. Subject 
variations investigated the influence that the 
stiffness of the ligaments joining the mid-foot to 
the hind-foot have on the predicted injury risk. 
 
Without the heel pad there was considerable dorsi-
flexion of the foot and a predicted increased injury 
risk to the neck of the talus and a reduced injury 
risk to the calcaneus. Loading the foot in eversion 
it was predicted that the greatest injury risk was to 
the lateral aspect of the talus where the lateral 
malleolus of the fibula articulates with the talus. 
Increasing the ligament stiffness reduced the 
shearing motion in the joints between the mid-foot 
and the hind-foot and there was an increased injury 
risk to the neck of the talus. 
 
INTRODUCTION 
 
Injuries to the foot and ankle, as a result of 
automotive accidents, are typically not life 
threatening, but are relatively common and can 

result in long-term medical complications and 
permanent disability (Owen et al., 2001, Wheeler 
et al., 2000). These complications can have 
dramatic consequences on the individual’s quality 
of life and also amount to a sizeable societal cost 
(McMaster et al., 2000). 
 
Despite the known complications of ankle injuries 
the mechanisms conspiring to cause them are not 
fully understood. This presents difficulties in 
developing comprehensive and robust assessment 
techniques and/or injury criteria that could promote 
the design of effective countermeasures that will 
reduce the likelihood of debilitating ankle injuries. 
 
Biomechanical testing can be used to develop the 
necessary understanding on ankle injuries, but 
biomechanical tests are often complicated by 
difficulties in obtaining quality test specimens in 
sufficient numbers and recreating realistic impact 
conditions. There are also ethical and physical 
restrictions that may limit the types of tests that can 
be carried out and the physical measures that can 
be made in order to appreciate fully the 
mechanisms contributing to the most debilitating 
ankle injuries. 
 
As an alternative and complimentary means of 
developing an understanding of ankle injuries a 
finite element (FE) model of the human lower leg 
and ankle could be used. The expected benefits in 
using a leg model include: 
• Carrying out virtual loading tests that would 

be difficult or impossible to achieve with 
physical tests; 

• An ability to measure parameters that would 
be difficult or impossible to assess in Post 
Mortem Human Subject (PMHS) tests; 

• A cost-effective means of completing large 
parameter sweeps investigating the 
influence that impact conditions and leg 
posture have on the injury risk to the ankle; 

• Accurate and consistent control over the 
physical structure and material properties of 
the leg; 
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• The potential to alter and scale material 
properties and physical features of the leg 
model to match specific groups or 
individuals of the population; 

• An ability to look at the sensitivity of the 
injury risk assessment criteria under 
different loading situations and severities. 

 
As part of a three year lower leg injury research 
project funded by the UK Department for Transport 
(DfT) TRL Limited has developed a FE human 
lower leg model. This paper details the work 
carried out in developing the model and the 
validation of the model against two separate sets of 
PMHS test data (Wheeler et al., 2000 and Hynd et 
al., 2003). The paper also details the results from a 
series of predictive model runs carried out to 
investigate the influence that environmental and 
subject variations have on the predicted injury risk 
of the ankle. 
 
THE FINITE ELEMENT MODEL OF THE 
LOWER LEG 
 
The leg model was developed in the LS-DYNA FE 
software package. In total the model was structured 
from 59515 finite elements and 33444 nodes. 
 
The Modelled Bones of the Leg, Ankle and Foot 
 
The geometrical information used to create the 
separate bones of the model was purchased from a 
commercial library of 3D digital data 
(Viewpoint.com). 
 
To simplify the structure of the model and reduce 
model run times the less important bones of the 
foot, with respect to injury risk, were modelled as a 
single non-deformable rigid body; this included the 
phalanges, metatarsals, cuneiforms, cuboid and 
navicular bones. The femur was also modelled as a 
single rigid body, in addition to the upper part of 
the tibia, fibula and patella (see Figure 1). These 
latter structures were modelled as a single rigid 
body in order that a rigid kinematic revolute 
(hinge) joint could be used to approximate the 
articulation of the knee joint. 
 
All remaining bones of the leg model were 
represented as deformable bodies with elastic-
plastic material properties. Each of these bones was 
modelled with an inner cancellous and outer 
cortical bone structure. The cancellous bone was 
modelled with solid elements and the cortical layer 
modelled with shell elements. Details of the 
structure and material properties of the bones in the 
model are provided in Table 1. With the exception 
of the tibia and fibula the material properties and 
thicknesses of the bone layers were based on values 

presented in the published literature (Yamada, 1970 
and Beillas et al., 2001). 
 
The cortical bone layer thicknesses and material 
properties for the tibia and fibula were obtained 
through reverse engineering in which the properties 
of the bones were altered in a series of model runs 
until the model’s predictions adequately matched 
the results from PMHS three-point bending tests on 
tibia and fibula bones carried out by Takahashi et 
al., (2000 and 2003). As shown in Figure 2, the 
thickness of the cortical bone layer for the tibia was 
varied along its length to provide a better 
representation of the variation in cortical bone 
thickness for the tibia and the best approximation 
of the three-point bending test results. 
 
Joints explicitly represented in the foot and ankle 
were defined by sliding contact interfaces between 
the surfaces of the modelled bones. This approach 
provided an accurate representation of the joints, as 
it relied on the geometrical shape of the bones and 
the ligament properties to control the range and 
limits of joint movement. The coefficient of 
friction for the joints was set at 0.01. 
 

 
Figure 1. Parts of the tibia, fibula and patella 

modelled as a single rigid body. 
 

 
Figure 2. The distribution in the thickness of the 

cortical bone layer in the modelled tibia. 

Femur rigid 
body 

Single rigid 
body 

2.0mm 

2.0mm 
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Table 1. Structure and material properties of the leg model’s bones. 
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The Modelled Ligaments and Tendons 
 
Altogether 26 ligaments were represented in the 
model, choosing those that would have the greatest 
influence on the impact response of the lower leg 
and ankle. At the knee the cruciate, collateral, 
anterior ligament of the head of the fibula and the 
inter-osseous ligament between the tibia and fibula 
were modelled. The modelled ligaments 
surrounding the foot and ankle joints are detailed in 
Figure 3. 
 
The location and geometrical size of the ligaments 
in the model were based on subjective 
examinations of images in published sources such 
as Gray’s Anatomy and information available on 
the internet (e.g. www.bartleby.com). Advice on 
the anatomical structure of the model was also 
obtained from orthopaedic surgeons based at the 
Queen’s Medical Centre Hospital in Nottingham in 
the UK. 
 

 
Figure 3. The modelled ligaments surrounding 

the foot and ankle joints in the leg model. 
 
The stretching behaviour of ligaments is 
characterised by a ‘J’ shaped response, as shown in 
Figure 4. To represent this response in the model 
the ligaments were modelled with low stiffness 
shell elements with parallel sets of springs and 
damper elements attached to the nodal points of the 
shell elements, as shown in Figure 5. The shell 
elements were used to define contact between the 
ligaments and the bones, while the spring elements 
were used to create the characteristic ‘J’ shaped 
stretch response of ligaments. The dampers were 
used to remove erratic and unrealistic oscillations 
observed in the ligaments when stretched. 
 

Material properties for the ligaments were initially 
based on preliminary results from PMHS ligament 
stretch tests carried out by Lowne et al., (2001) and 
information on ligament behaviour presented in 
Yamada (1970). Reverse engineering was then 
used to fine tune and balance the material 
properties of the ligaments using the results from a 
‘basic’ series of ankle articulation tests carried out 
by McMaster et al., (2000) on 21 fresh frozen 
PMHS lower legs. The articulation tests 
investigated the torque rotation characteristics of 
the ankle in inversion, eversion, dorsi-flexion and 
plantar-flexion. The leg model was set up to match 
the test configuration of McMaster and the 
modelled ligament properties were altered between 
repeated model runs until a good correlation was 
obtained between the model’s predictions and the 
PMHS test results. 
 

Strain

Fo
rc

e

Figure 4. The characteristic ‘J’ shape stretch 
response of ligaments. 

Parallel sets of springs
and dampers joined to
the nodal points of the
shell elements

Parallel sets of springs
and dampers joined to
the nodal points of the
shell elements

Figure 5. Structure of the ligaments in the leg 
model. 

 
It is understood that ligaments are in an initial state 
of tension even when joints are in a neutral 
position. It was considered important to represent 
this initial state of ligament tension in the model. 
This was achieved by defining initial extended 
offsets in the ligament springs (Figure 5) and the 
model was run for an effectively infinite length of 
time in order to achieve an initial balanced and 
steady-state set-up for the leg model and the 
ligament offsets. It was rationalised that in a neutral 
position, when the leg is not supporting the body 

Medial 
talocalcaneal 
ligament 

Anterior lateral malleolar 
ligament 

Anterior 
talofibular 
ligament 

Lateral talocalcaneal 
ligament 

Anterior 
talocalcaneal 
ligament 

Plantar 
calcaneonavicular 
ligament 

Bifurcate ligament Long plantar 
ligament 

Posterior talotibial 
ligament 

Deltoid ligament 

Talonavicular 
ligament 

Posterior 
talocalcaneal 
ligament 

Calcaneofibular 
ligament 

Posterior 
talofibular 
ligament 

Posterior lateral 
malleolar ligament 
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weight, that the load through the articular surfaces 
of the ankle joints due to initial tensions in the 
ligaments and hydrostatic pressure would be 
approximately 30-40 N. This value was used as a 
basis to set the initial offsets in the springs of the 
modelled ligaments. 
 
In order to simulate the loading conditions under 
which the model was validated, as detailed later in 
the paper, it was necessary to represent the Achilles 
tendon in the model. This tendon was modelled 
using inelastic seat-belt elements attached to the 
calcaneus at one end and to an Achilles spring at 
the other (see Figure 6). The seat-belt elements 
passed through a seat-belt slip-ring positioned close 
to the distal end of the tibia in order to tether the 
tendon closer to the tibia and make the line of 
action of the tendon more representative of the 
in-vivo situation. 
 

Achilles tendon
spring

Seatbelt
elements

Achilles tendon
spring

Seatbelt
elements Slip-ring

Achilles tendon
spring

Seatbelt
elements

Achilles tendon
spring

Seatbelt
elements

Achilles tendon
spring

Seatbelt
elements

Achilles tendon
spring

Seatbelt
elements Slip-ring

 
Figure 6. Set-up of the Achilles tendon in the 

human leg model. 
 
The Achilles spring was connected between the 
seat-belt elements and the rigid part of the tibia as 
detailed in Figure 1 above. The spring was 
introduced so that initial offsets could be set in the 
spring in order to represent initial active loads in 
the tendon due to active muscle responses. 
 
Two further ‘hypothetical’ ligaments were also 
introduced into the model to represent the soft 
anatomical features, such as ligaments, tendons and 
flesh not explicitly represented in the model. The 
decision to introduce these ‘hypothetical’ ligaments 
was based on the results of preliminary model runs 
where it was found during dorsiflexion of the 
modelled foot that the talus came away from the 
tibia creating a large gap between the articular 
surfaces of these bones, as shown in Figure 7. It 
was apparent from observations of the model 
animations that the talus pivoted against the tibia 
rather than the bones rotating or sliding against 
each other as expected. 

It was believed that the pivoting motion of the talus 
was due to an imbalance of the ligament forces 
surrounding the talocrural joints. To compensate 
for the imbalance and resolve the problem of the 
pivoting talus it was decided to introduce two 
additional ligament springs in the model to act as 
‘hypothetical’ ligaments to help correctly control 
the motion of the talus. A ligament spring was 
added between the fibula and the front of the 
calcaneus and a further ligament spring was 
introduced between the rear of the tibia and the 
calcaneus, as shown in Figure 8. Properties for 
these springs were consistent with the properties 
that were used for the other ligaments in the model. 
As shown in Figure 7 the introduction of the two 
‘hypothetical’ ligaments improved the motion of 
the talus during dorsiflexion. 

Without ‘hypothetical’ 
ligaments 

With ‘hypothetical’ 
ligaments 

Figure 7. Change in the rotation of the talus 
with the introduction of two ‘hypothetical’ 

ligaments. 
 

‘Hypothetical’ ligaments‘Hypothetical’ ligaments

 
Figure 8. The two ‘hypothetical’ ligaments 

added to the leg model. 
 
The Modelled Flesh 
 
The geometrical data for the leg flesh was 
purchased from ‘Viewpoint.com’. The flesh 
geometrical data provided an external boundary for 
creating the FE mesh of the flesh (see Figure 9) and 
the modelled bones provided an internal boundary. 
A tied surface contact was used to fix the modelled 

Pivoting talus 
and rear gap 

Rotating talus 
and reduced 
gap between 
talus and tibia 
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flesh to the external surfaces of the bones. This 
avoided the problem of matching and merging the 
mesh of the flesh with that of the bones. 

Flesh was not modelled around the foot because of 
the relatively greater geometrical complexity of the 
model in this region. In order to allow for the 
absence of flesh in this region weight was added to 
the bones of the modelled foot by scaling the 
density of the modelled bones, as detailed in 
Table 1 above. 
Material properties for the flesh were derived using 
data from compression and indentation tests carried 
out on PMHS leg flesh samples (Untaroiu et al., 
2005). Based on this data the viscoelastic material 
model in LS-DYNA was found to provide the most 
efficient model for characterising the dynamic 
behaviour of the flesh. 
 
MODEL VALIDATION 
 
Results from two sets of sub-injurious and injurious 
PMHS tests were used to validate the predictions of 
the leg model: 
• Pendulum impact tests; 
• Sled impact tests. 
 
The Pendulum Impact Tests 
 
Wheeler et al. (2000) reported on sub-injurious 
pendulum impact tests carried out on eight PMHS 
leg specimens in order to develop biofidelity target 
corridors. A rigid pendulum impactor instrumented 
with a single axis accelerometer was used to impact 
the PMHS feet. The impact occurred on the plantar 
surface of the PMHS feet, centred at the level of 
the ball of the foot (Figure 9). 
 
The pendulum weighed 1.5 kg and had an initial 
impact velocity of 6 m.s-1. In the tests a constant 
load of 960 N was developed in the Achilles 
tendon. Pre-impact, a stirrup was placed around the 
foot to prevent plantar flexion of the foot due to the 
Achilles load. An equivalent Achilles load was 
generated in the model by modifying the 
characteristics and offset in the modelled Achilles 
tendon spring. Pre-impact plantar flexion of the 
modelled foot was prevented by initially resting the 
plantar surface of the modelled foot against a rigid 
contact plane. This contact plane was removed 
immediately after the pendulum struck the 
modelled foot. 
 
In the model the pendulum impacted a 10 mm thick 
soft pad that was introduced to represent the flesh 
on the sole of the foot (Figure 9). This pad was 
rigidly fixed to the rigid forefoot of the model. The 
upper rigid part of the tibia, as shown in Figure 1 
above, was also rigidly fixed in inertial space in 
order to represent the potting of the PMHS 
specimens in the Wheeler et al. tests. 

Knee fixed 
in space

Skin pad fixed to 
the plantar 
surface of the 
foot 

Pendulum 
impactor

Knee fixed 
in space

Skin pad fixed to 
the plantar 
surface of the 
foot 

Pendulum 
impactor

Figure 9. The set-up of the model for the 
pendulum impact tests. 

 
The Sled Impact Tests 
 
Figure 10 details the set-up of the sub-injurious and 
injurious PMHS sled impact tests reported by Hynd 
et al., (2003). The design of the sled tests was 
intended to create the dual loading of the leg during 
automotive accidents caused firstly by the 
deceleration of the vehicle and pelvis, and secondly 
by the intrusion of the footwell. In the tests the 
deceleration of the vehicle and pelvis was 
characterised by the deceleration of the sled by a 
honeycomb energy absorber (A in Figure 10) and 
the footwell intrusion was represented by a foot 
plate on the rig impacting a separate honeycomb 
energy absorber (C in Figure 10). The design of the 
sled impact resulted in the footplate moving in the 
aft direction relative to the sled rig 30 ms into the 
impact. In all the PMHS tests the deceleration of 
the sled rig was relatively constant. In contrast, the 
deceleration of the footplate was varied by 
impacting honeycomb of the same stiffness, but 
with widths of 40, 100 and 200 mm, respectively 
representing low, medium and high severity 
impacts. 
 
In the tests the PMHS legs were above knee 
amputations and were secured to a purpose 
designed metal femur that allowed free biofidelic 
movement of the knee joint. The mid-part of the 
PMHS foot rested on a curved pad representing a 
brake pedal and an additional pad was used to 
support the heel of the PMHS foot. Both mid-foot 
and heel pads were mounted on the footplate of the 
sled rig. Each pad was covered with 
‘Velbex’(PVC) to represent the stiffness 
characteristics of a shoe. 
 
The PMHS legs were secured in position using a 
knee restraint, as shown Figure 10. The restraint 
looped over the top of the metal femur and 
represented the active extension response of the 
knee in pre-crash emergency braking. In addition a 
constant Achilles tension force of 500 N was 
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generated in the tests using a pressurised pneumatic 
cylinder (D in Figure 10). 
 

 
Figure 10. Schematic of the sled impact tests of 

Hynd et al. (2003). 
 
Figure 11 shows the set-up of the model for 
simulating the sled impact tests. In this figure the 
leg flesh has been removed, but the flesh was 
present for the simulations. 
 

Hip joint

Knee restraint

Achilles tendon
setup

Heel pad

Mid-foot
pad

Hip joint

Knee restraint

Achilles tendon
setup

Heel pad

Mid-foot
pad

Figure 11. The leg model set-up for the sled 
impact tests. 

 
The head of the modelled femur was fixed in 
inertial space using a rigid kinematic revolute 
(hinge) joint. This set-up represented the 
connection used to fix the metal femur to the sled 
rig in the sled tests. A spring, with a constant 
spring force characteristic of 760 N, was used to 
represent the knee restraint and a series of very stiff 
seat belt elements and slip-rings were used to 
represent the set-up of the Achilles tendon 
attachment. The seat-belt elements were attached to 
a single spring, fixed to inertial space, which had a 
constant spring force characteristic of 500 N to 
represent the pneumatic cylinder used in the tests. 
 
Comparable to the tests the modelled foot rested on 
a mid-foot and heel pad. Two layers of material 
were simulated on the pads; the first represented 
the Velbex fixed to the pads in the tests, the second 
layer represented the skin on the sole of the foot. 
The model was loaded by applying the sled 
deceleration to the whole leg model. In addition to 
this a separate acceleration was applied to the 
modelled mid-foot and heel pads to represent the 
relative acceleration between the footplate and the 
sled rig. 

Validation Results - Pendulum Impact Tests 
 
The predicted pendulum acceleration was 
compared against a corridor of results obtained 
from the eight PMHS pendulum impact tests (see 
Figure 12). The model over-predicts the peak upper 
corridor response by approximately 20 g (13%). 
The model predicted a second smaller peak 
acceleration of 80 g at 10 ms that closely matched 
the magnitude, but not the timing, of the second 
peak observed in the PMHS test corridor. 
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Figure 12. Comparison of the predicted and 
measured PMHS pendulum accelerations 

reported by Wheeler et al. (2000). 
 
Validation Results – Sled Impact Tests 
 
Predicted heel and mid-foot pad impact forces were 
compared against comparable measures made in 
the low, medium and high severity sled impact 
tests. In order to assess the capability of the model 
to predict ankle injuries, predicted von Mises 
stresses in the model were compared against the 
injury patterns found in the PMHS test specimens 
post impact. 
 
Heel and Mid-foot Pad Forces – In Figure 13 
predicted heel and mid-foot pad forces for the low, 
medium and high severity impacts are compared 
against comparable results from three PMHS tests 
carried out at each impact severity. It is noticeable 
that there are considerable differences in the 
predicted and measured forces in the early stages of 
the impact. Between 10 and 30 ms predicted heel 
and mid-foot pad forces rise to approximately 
2 kN, while measured heel and mid-foot pad forces 
are relatively steady over this period at 1 kN and 
2 kN respectively. These differences are attributed 
to the fact that in the tests the PMHS feet were 
balanced on the heel and mid-foot pads pre-impact. 
In contrast the modelled foot was not balanced on 
the heel and mid-foot pad pre-impact because of 
time limitations in carrying out the validation work. 
Consequently this resulted in the modelled foot 
impacting the heel and mid-foot pad during the 
initial sled rig deceleration, while the PMHS feet 
pressed against the heel and mid-foot pads in the 
early stages of the impact (<30 ms). 
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Following the initial deceleration of the sled rig 
and the onset of the secondary footplate pulse at 30 
ms, there is better correlation between the 
measured and predicted heel pad forces. In 
comparison greater differences are observed 
between the measured and predicted mid-foot pad 
forces after 30 ms. For instance, under the medium 
severity impact conditions the peak measured mid-
foot forces are approximately twice as large as the 
predicted results. It is anticipated that this 
difference is a result of the ligaments joining the 
hind-foot to the mid-foot being weaker in the 
model compared to those in the PMHS feet. This 
was suggested in the animations for the model runs 
where it was noticed that there appeared to be 
excessive motion and shearing in the joints 
between the mid and hind-foot. This was later 
investigated in a series of predictive model runs 
that are detailed later in the paper. 
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Figure 13. Comparison of the predicted and 
measured heel and mid-foot pad forces from the 
PMHS sled tests reported by Hynd et al. (2003). 
 
Injury Prediction - Hynd et al. (2003) reported 
that in general the low severity impacts into the 
40 mm honeycomb did not initiate injuries in the 
PMHS legs. This test was therefore used to set a 
threshold injury limit for the model’s predicted von 
Mises stresses. The maximum predicted von Mises 
stress in the calcaneus and talus for the low severity 
impact peaked at approximately 120 MPa. 
Consequently, this threshold was used as the 
criteria for predicting injury with the model. 
 
Calcaneus fractures were consistently found in the 
in the PMHS sled tests in which injuries occurred, 
although some fractures to the talus and tibia were 

also noted. In line with the injury results the model 
predictions also indicated a predominance of 
calcaneus injuries and a reduced likelihood of talus 
injuries. As shown in Figure 14, for the low 
severity impact the predicted von Mises stress 
threshold of 120 MPa is reached in a small region 
on the calcaneus, but the stress threshold is reached 
over a greater area of the calcaneus for the medium 
and high severity impacts. This predicted stress 
pattern approximates the location of the intra-
articular calcaneus fractures observed in the PMHS 
legs, as shown in the X-ray image in Figure 14. In 
contrast peak predicted von Mises stresses in the 
talus did not rise above 120 MPa to the same extent 
that they did in the calcaneus. 
 
Resultant predicted loads in the intra-articular 
surfaces between the calcaneus and talus peaked at 
approximately 2 kN for the low severity impact, up 
to 2.6 and 3.8 kN for the medium and high severity 
impacts respectively. Comparable loads against 
which the model’s predictions could be compared 
were not measured in the tests. 
 

Low severity impact 
(t=50ms) 

Medium severity impact 
(t=39ms) 

Calcaneus fracture

Talus fracture

Calcaneus fracture

Talus fracture

 
High severity impact 

(t=36ms) 
PMHS specimen post 
high severity impact 

Von Mises
Stress (MPa)

Von Mises
Stress (MPa)

 
Figure 14. Predicted peak von Mises stresses in 

the calcaneus compared against observed 
injuries in a PMHS leg. 

 
Predictive model runs 
 
Two sets of predictive model runs were carried out 
to investigate the influence that environmental 
variations have on the predicted injury risk. A 
further set of model runs were carried out to 
investigate the influence that subject (ligament 
stiffness) variations have on the predicted injury 
risk from the model. The set-ups of all these model 
runs were based on the PMHS sled impact test 
conditions under which the model was previously 
validated. 
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Environmental Variation – Heel Pad Influence 
on Predicted Injury Risk 
 
An additional model run was carried out to 
investigate the influence of removing the heel pad 
(Figure 11 above) from the medium severity sled 
impact conditions. The predictions from the 
medium severity simulated sled impact conditions, 
obtained in the leg model’s validation, provided a 
baseline against which the predictions from this 
additional model run were compared. 
 
Environmental Variation – Effect of Eversion 
on Predicted Injury Risk 
 
Further to the medium severity sled impact model 
run a further model run was carried out in which 
the foot, heel pad and mid-foot pad were set at 21° 
of eversion. The alteration in the set-up of the 
model for this additional model run is shown in 
Figure 15. The predictions from the medium 
severity sled impact conditions, obtained in the 
validation of the leg model, provided a baseline or 
neutral response against which the predictions from 
the additional model run were compared. 
 

  
21° Eversion Neutral 

Figure 15. Variation in the eversion of the leg 
model for the predictive model runs. 

 
Subject Variation - The Effect of Ligament 
Stiffness on Predicted Injury Risk 
 
One of the main issues arising from the validation 
of the model against the sled impact test results 
concerned the predicted mid-foot pad forces which 
were lower than those measured in the PMHS tests. 
Furthermore excessive motion and shearing was 
predicted in the joints in the mid-foot region. There 
were concerns that the differences in the measured 
and predicted pad loads and the excessive motion 
in the mid-foot joints could be because of weak 
properties defined for the ligaments connecting the 
mid and hind-foot. In response to these concerns, 
two model runs were carried out to investigate the 
influence that the stiffness of the ligaments joining 
the mid-foot to the hind-foot would have on the 
model’s predictions. 
 
Both model runs were carried out under the high 
severity sled impact conditions, but in comparison 
to the validation model runs the heel pad was 
positioned 23.5 mm closer to the modelled heel. It 

was felt that moving the heel pad would increase 
the loading across the foot and assess better the 
influence that ligament stiffness has on the 
predicted injury risk of the leg. 
 
For one of the model runs, termed the baseline 
model run, the set-up of the ligaments matched that 
used in the validation of the model. For the second 
model run the Young’s modulus of the shell 
elements for the ligaments joining the hind-foot to 
the mid-foot, which included the Calcaneocuboid, 
Bifuricate (calcaneonavicular), Talonavicular and 
Plantar calcaneocuboid ligaments, were increased 
from 2 MPa to 1000 MPa, equating to a potential 
500-fold increase in the ligament stiffness. The true 
increase in the stiffness of the ligaments would also 
be influenced by the parallel sets of springs knitted 
between the nodes of the ligament shell elements 
(as shown in Figure 5). It was expected that the 
chosen increase in the ligament stiffness would be 
adequate to reduce the movement and shearing in 
the joints of the mid-foot. 
 
Results - Heel Pad Influence on Predicted Injury 
Risk 
 
Figure 16 shows the predicted difference in the sled 
impact response of the ankle with and without the 
heel pad. With a heel pad the foot remains in a 
relatively neutral position during the impact. 
Without a heel pad there is extreme dorsi-flexion of 
the foot. 

With heel pad Without heel pad 

Figure 16. Predicted difference in the ankle 
response with and without a heel pad. 

 
As in the validations of the model a von Mises 
stress threshold of 120 MPa was used to indicate an 
injury risk to the talus and calcaneus in the model. 
Differences in the peak von Mises stress predicted 
for the talus and calcaneus with and without a heel 
pad are shown in Figure 17. It is noticeable that 
without a heel pad there are large stresses 
surrounding the neck of the talus indicating an 
increased potential for this region of the talus to 
fracture under these loading conditions. These high 
stresses are initiated by the neck of the talus 
contacting the tibia due to the extreme dorsiflexion. 
In comparison peak talus von Mises stresses for the 
model run with a heel pad are concentrated on the 
articular surfaces of the talus. 
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Looking at the predicted stresses in the calcaneus 
these are generally greater and more widespread for 
the sled impact condition with a heel pad. The 
suggestion from these results is that without a heel 
pad (i.e. with large dorsiflexion) the talus is at a 
greater predicted risk of injury, and with a heel pad 
(i.e. a more neutral ankle position) the calcaneus is 
at a greater predicted risk of injury. 
 
Despite the predicted differences in the injury 
patterns for the ankle with and without a heel pad 
the predicted peak loads in the joints of the ankle 
were similar for both model runs (Figure 18). 
However, the peak loading response was later in 
the run without a heel pad, than when the pad was 
present. 
 

With heel pad Without heel pad 

  
Talus 

 
Calcaneus 

Von Mises
Stress (MPa)

Von Mises
Stress (MPa)

 
Figure 17. Differences in the peak predicted von 

Mises stress in the talus and calcaneus for the 
sled impacts with and without a heel pad. 
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Figure 18. Resultant predicted loads in the 
joints of the ankle for sled impacts with and 

without a heel pad. 
 
Results - Effect of Eversion on Predicted Injury 
Risk 
 
With eversion there were greater predicted von 
Mises stresses on the lateral aspect of the talus, at 
the location where the lateral malleolus of the 
fibula articulates with the talus (Figure 19). These 
high stresses did not result from direct contact 
between the fibula and the talus as the fibula was 

levered away from the talus by the calcaneus. It 
was therefore considered that the high stresses in 
the talus were due to direct loads between the 
calcaneus, talus and tibia. In contrast the maximum 
predicted von Mises stresses in the calcaneus were 
greatest for the neutral model run. It is implied 
from these results that with eversion the lateral 
aspect of the talus is at greatest risk of injury. The 
calcaneus is at greatest risk of injury under the 
neutral loading sled impact conditions. 
 
The predicted ankle joint loads peaked at 
approximately 3.5 kN in both the neutral and 
eversion loading conditions (Figure 20). However, 
the greatest loads were predicted in the tibia-talus 
articular surface for the neutral impact conditions 
and the talus-calcaneus articular surface had the 
greatest predicted loads for the eversion impact 
conditions. 
 

Neutral Eversion 

  
Talus 

Calcaneus 
Von Mises

Stress (MPa)
Von Mises

Stress (MPa)

 
Figure 19. Difference in the peak predicted von 
Mises stress in the talus and calcaneus for the 
sled impacts with eversion and the ankle in a 

neutral posture. 
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Figure 20. Resultant predicted loads in the 
joints of the ankle when loaded in eversion and a 

neutral posture. 
 
Results – The Effect of Ligament Stiffness on 
Predicted Injury Risk 
 
Stiffening the ligaments joining the hind-foot to the 
mid-foot reduced the amount of motion and 
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shearing in the joints in the mid-foot region 
(Figure 21). Weaker ligaments between the hind-
foot and mid-foot reduced the amount of load 
going through the ankle joints (Figure 22). On the 
whole predicted forces in the ankle joints of the 
model with the stiffer ligaments were 
approximately 1.5-2 kN (37-78%) greater than 
those predicted for the baseline model run. 
 
Stiffening the ligaments between the mid-foot and 
hind-foot increased the loading in the mid-foot and 
heel pads (Figure 23). In the validation of the leg 
model the predicted mid-foot pad forces were 
lower than those measured in the comparable 
PMHS tests, as shown in Figure 13 above. It is 
therefore possible that these differences could be 
caused by differences in the stiffness of the 
ligaments in the model compared with those in the 
PMHS specimens tested. 

 

Baseline ligament 
stiffnesses 

Increased ligament 
stiffness 

Figure 21. Change in the impact response of the 
foot with an increase in the stiffness of the 
ligaments joining the mid and hind-foot. 

 

0

1

2

3

4

5

6

0 10 20 30 40 50 60 70
Time (ms)

R
es

ul
ta

nt
 jo

in
t f

or
ce

 (k
N

) Baseline ligaments
Stiff ligaments

0

1

2

3

4

5

6

0 10 20 30 40 50 60 70
Time (ms)

R
es

ul
ta

nt
 jo

in
t f

or
ce

 (k
N

) Baseline ligaments
Stiff ligaments

Tibia-talus Talus-calcaneus 

Figure 22. Resultant predicted loads in the ankle 
joints for sled impacts with baseline and stiffer 
ligaments joining the hind-foot to the mid-foot. 
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Figure 23. Resultant predicted loads in the mid-
foot and heel pads for sled impacts with baseline 
and stiffer ligaments joining the hind-foot to the 

mid-foot. 
 
Predicted von Mises stresses (Figure 24) exceeding 
the threshold injury limit of 120 MPa were more 
widespread in the model with the stiffer ligaments. 
Furthermore, it is also noticeable in the model with 

the stiffer ligaments that there was a concentration 
of peak predicted von Mises stresses surrounding 
the neck of the talus, which was not predicted in 
the baseline model run. 
 
DISCUSSION 
 
Discussion - Model Development 
 
A number of assumptions have been made in the 
development of the leg model that may have a 
considerable influence on the biofidelity of its 
behaviour. For instance, the fore-foot was modelled 
as a single rigid body and the flesh was not 
modelled. It is understood that these assumptions 
may limit the types of loading conditions that the 
model can be used to investigate. 
 
In terms of the present study the injurious sled 
impact loads have centred on the mid-foot and heel 
regions with foot flesh added to the impacting 
surfaces. It is believed that the model is adequately 
developed to simulate these impact conditions, but 
further development of the model may be needed to 
consider a broader range and type of lower leg 
loading conditions. A benefit of the assumptions 
made in the development of the model is that they 
reduce the size, complexity and run times of the 
model. This will be an advantage when carrying 
out parametric investigations that involve 
considerable numbers of model runs. 
 

Baseline ligament 
stiffness 

Increased ligament 
stiffness 
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Figure 24. Differences in the peak predicted von 

Mises stress in the talus and calcaneus for the 
sled impacts with baseline and stiffer ligaments 

joining the hind-foot to the mid-foot. 
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Failure properties have not been defined for the 
ligaments and bones in the model. This is an 
important omission in the set-up of the model as 
the principal intention for developing the model 
was to investigate ankle and lower leg injuries. A 
lack of reliable biomechanical data was the 
principal reason for not defining failure properties 
in the model. Furthermore, in preliminary model 
runs in which failure properties were defined for 
the bones of the foot and ankle, unreliable failure 
of the bones occurred, especially at localised stress 
concentrations, e.g. where the ligaments insert into 
the bones. Consequently, thresholds of predicted 
stress, rather than failure properties were used to 
provide a more reliable and trustworthy method of 
predicting injury risk. This approach neglects 
changes in the load distribution in the ankle as 
yielding and failure of anatomical features occurs 
and limits the potential of the model to predict the 
global pattern of ankle injury following impact. 
Additional work is therefore needed to develop a 
comprehensive failure response for the model, but 
the current model can be used to identify the 
primary anatomical features at risk of injury in an 
impact. 
 
With the exception of the Achillies tendon the leg 
model does not currently consider the bracing 
response in the leg caused by active muscle 
responses and the influence that this has on injury 
risk. Further work is needed to develop the 
principal tendons that control the response of the 
foot and ankle. This may supersede the need for the 
‘hypothetical’ ligaments implemented in the model 
and this should improve the confidence in the 
biofidelic response of the model under a more 
diverse range of loading conditions. 
 
Discussion - Pendulum Impact Validation 
 
In comparison to the PMHS test results the model 
over-predicted the initial peak acceleration of the 
pendulum impactor by 20 g (13%). In this early 
stage of the impact it is anticipated that the 
response of the pendulum will be influenced by the 
mass of the foot and the stiffness and thickness of 
the impacting surfaces. The mass of the tested 
PMHS feet was not known and so it was not 
possible to match the modelled foot mass with the 
average mass of the tested feet. Estimates were also 
made for the thickness of the flesh pad struck by 
the pendulum in the model and the material 
properties for the pad matched the characteristics 
used for the flesh in the model. These uncertainties 
in the set-up of the model could contribute to the 
observed differences in the measured and predicted 
responses for the pendulum impact studies. 
Furthermore, the model has a rigid forefoot that 
could result in a greater effective impact mass and 
consequently greater peak acceleration of the 

pendulum in the initial phase of the impact. It is 
considered that a parametric study of these 
variables in the model would be useful to identify 
the principal variable(s) that could contribute to the 
observed difference in the measured and predicted 
responses. 
 
Discussion - Sled Impact Test validation 
 
Limitations of time remaining on the project 
prevented the modelled foot from being correctly 
balanced on the heel and mid-foot pads for the 
simulated impacts. This contributed to considerable 
differences between the model’s predictions and 
the PMHS results, especially in the early phases of 
the impact (<30 ms). It is expected that addressing 
this limitation in the set-up of the model would lead 
to a better correlation between the predicted and 
measured results for the sled impacts. 
 
Despite the obvious limitation in the set-up of the 
model peak predicted von Mises stresses in the 
model correlated well against the consistent 
recorded injury of fractures to the calcaneus 
observed in the PMHS tests. Further to this injury, 
smaller numbers of injuries were recorded in the 
talus and tibia of the PMHS, although no 
equivalent indications were predicted by the model 
that these injuries would occur. It is most likely 
that the variations in the injury patterns observed in 
the test specimens could be due to uncontrollable 
factors in the tests such as the quality and size of 
the test specimens, the installation of the test 
specimens on the sled rigs and subtle variations in 
the impact conditions. In comparison the model is 
not influenced by these variables. However, a 
parametric study could be carried out with the 
model to assess the influence that these variables 
have on the predicted injury risk of the model. This 
would contribute to developing an understanding 
on the principal factors that contribute to 
debilitating ankle injuries. 
 
Dubbeldam et al. (1999) completed parametric 
investigations with their MADYMO multibody 
model of the foot and ankle. For localised impacts 
to the sole of the foot they investigated how the 
impact conditions, foot dorsiflexion, Achilles 
tension, foot mass, and the position of joints in the 
foot influenced their model’s predictions. They 
found that the mass of the foot had a limited 
influence on the model’s predictions, while all the 
remaining investigated variables had a considerable 
influence on the predicted loads in the model. 
However, being a multibody model it was not 
possible to determine the injury risks to specific 
anatomical features, which would be possible with 
a FE model of the foot and ankle. 
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By comparing the model’s von Mises stress 
predictions against PMHS test results in which 
ankle injuries did not occur, a predicted von Mises 
stress of 120 MPa has been determined as a 
preliminary threshold of injury risk to the talus and 
calcaneus in the model. Loads in the articular 
surfaces between these two bones reached values of 
2.0 kN and in model runs in which injuries to the 
calcaneus were estimated to occur the loading 
between the articular surfaces of the two bones 
ranged between 2.6 and 3.8 kN. It is not certain 
how representative these values are of the threshold 
injury response of the ankle. It is anticipated that 
these values may well be model-specific and 
dependent on the type and pattern of loading 
applied through the bones. Further testing and 
modelling work is needed to establish the exact 
injury response of the ankle. However, the current 
results provide a positive basis on which to develop 
improved injury assessment techniques and/or 
injury criteria for severely debilitating ankle 
injuries. 
 
Discussion – Heel Pad Influence on Predicted 
Injury Risk 
 
Removal of the heel pad resulted in extreme dorsi-
flexion of the foot and a predicted injury risk at the 
neck of the talus. This result was very different 
from the situation when the heel pad was present 
when the principal injury risk was predicted to be 
at the calcaneus. Talar neck fracture has been 
previously linked to large dorsiflexion angles. The 
result therefore adds additional confidence in the 
biofidelic response and accuracy of the model to 
predict injury risks to the ankle under different 
loading conditions. It also suggests that the types of 
ankle injuries are sensitive to the loading 
conditions. 
 
Discussion – Effect of Eversion on Predicted 
Injury Risk 
 
Despite the identified limitations in the set-up of 
the model, it was suggested by the predictions that 
eversion would increase the injury risk to the 
lateral aspect of the talus. This is an important 
result as it suggests that the risks of ankle injuries 
are sensitive to the posture of the foot in the 
impact. Current injury criteria and test protocols 
fail to consider the influence that foot posture has 
on ankle injury risk. Further work is needed to 
determine the full implications that foot posture has 
on ankle injury risk. 
 
Discussion – The Effect of Ligament Stiffness on 
Predicted Injury Risk 
 
In the validation of the model against the sled 
impact results it was anticipated that differences in 

the model’s predicted mid-foot forces and those 
measured were because of poorly defined 
properties for the ligaments joining the mid-foot to 
the hind-foot. The predictions from the model runs 
investigating ligament stiffness effects confirmed 
that stiffening the ligaments between the hind-foot 
and mid-foot can increase the loading on the mid-
foot pad for the sled impact conditions. It was 
further found that this had a considerable influence 
on reducing the shearing and motion in the joints 
between the hind-foot and mid-foot, which was a 
further problem identified in the model validation 
against the sled impact PMHS test results. 
 
The stiffer ligaments also resulted in different 
injury risk patterns with high stresses concentrated 
around the neck of the talus. In contrast the model 
did not predict an injury risk to the talus in the sled 
impact test validation model runs with the baseline 
ligament stiffnesses. Consequently, based on 
predictions from the model runs investigating 
ligament stiffness effects, differences in the 
predicted and recorded injuries could be attributed 
to inherent variations in the biomechanical 
tolerance of the test specimens. The results from 
this set of predictive model runs highlight the 
importance of correctly defining the ligament 
properties in the model in order to predict 
accurately the injury risk to the foot and ankle. 
There is obviously a need for further biomechanical 
testing to develop this knowledge and 
understanding. 
 
Similar to the present study Beillas et al. (1999) 
experienced problems in defining ligament 
properties in their foot and ankle model. To address 
these uncertainties they carried out a parametric 
study investigating the influence that ligament 
properties had on the predictions from their model. 
Ligament stiffnesses in their model were scaled by 
factors of 0.2, 1 and 5. In contrast to the results of 
this present study they found that these changes 
had only a limited influence on the predictions 
from the model under dynamic impacts, but 
considerable variations in the model’s predictions 
occurred under static loading conditions. It is 
implied from these investigations that the stiffness 
of the ligaments may not be so important to the 
dynamic behaviour of the foot under certain 
loading conditions. The dynamic loading 
investigated by Beillas et al., (1999) involved axial 
loading of the foot with a rigid flat plate. It is 
anticipated that this loading would initiate very 
little rotation of the joints in the ankle and may 
explain the limited influence that changes in 
ligament stiffness had on the predictions from their 
model. Parametric investigations under more 
diverse impact conditions are therefore needed to 
assess the full extent that ligament properties have 
on the impact response of the foot and ankle. 
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Discussion - Influence of the Foot Loading 
Conditions on Ankle Injury Risk and Ankle 
Injury Criteria 
 
It is suggested from the model’s predictions that 
variations in the environmental and subject 
conditions can have a considerable influence on the 
severity and pattern of ankle injuries and on the 
magnitude of the loads that initiate ankle injuries. 
This latter point has important implications on 
ankle injury criteria that are typically based on the 
axial load in the tibia such as the injury risk curve 
developed by Hynd et al. (2003) for the Thor-Lx 
dummy leg. In this work the injury risk curve was 
based on repeated sled impacts of PMHS legs and 
the Thor-Lx dummy leg with the ankle in a neutral 
position. The injury risk curve may therefore not 
provide a conservative estimate of the true injury 
risks to the ankle in automotive impacts where the 
loading conditions and the magnitude of the loads 
initiating ankle injuries could be very different 
from the neutral conditions investigated in the tests. 
 
These expectations are supported by the predictions 
from the model. For instance, in the eversion and 
neutral model runs differences in the predicted 
injury initiating loads in the ankle joints were as 
high as 1.0 kN and differences in predicted peak 
loads in the heel and mid-foot pads for these two 
model runs were as high as 2 kN. 
 
It is evident from the model’s predictions that 
additional work is needed to determine how 
alterations in the loading conditions alter the 
loading limits that initiate ankle injuries. This will 
contribute to the development of more 
comprehensive ankle injury criteria focused on 
mitigating the most serious and debilitating ankle 
injuries. It is proposed that this knowledge could be 
developed with the FE model developed in this 
study, where the model could be used to carry out a 
large scale parametric investigation of the influence 
that loading conditions have on the injury risk to 
the ankle. This would need to be supported by 
biomechanical tests to validate the behaviour of the 
model and to provide supporting evidence on the 
conclusions and proposals of the modelling work. 
The expected outcomes from the work would be 
improvements in existing ankle injury risk curves 
and the possible development of new injury criteria 
that may for instance be based on the coupled 
rotation and axial loading of the ankle in an impact. 
The benefits of these developments would be 
reductions in severely debilitating ankle injuries in 
automotive impacts and the societal cost associated 
with ankle injuries. 
 
 
 
 

CONCLUSIONS 
 
A FE computer model of the human lower leg has 
been developed which accurately defines the 
geometrical shape of the bones, the principal 
ligaments in the lower leg and foot and the articular 
surfaces of the joints in the ankle. Predictions from 
the model have been validated against the results 
from two separate sets of PMHS legs tests that 
involved sub-injurious pendulum impacts to the 
sole of the foot and sub-injurious and injurious sled 
impacts to above knee PMHS specimens. A series 
of predictive model runs have also been carried out 
with the model to assess the influence that 
environmental and subject variations have on the 
predicted ankle injury risk. All these model runs 
were based on PMHS leg sled impact conditions in 
which the PMHS foot rested on a heel and mid-foot 
pad. The environmental variations included model 
runs with and without the heel pad and loading the 
foot in eversion and a neutral position. Model runs 
were also carried out in which the stiffness of the 
ligaments joining the mid-foot to the hind-foot 
were increased in order to consider subject 
variations. The principal conclusions of the work 
are as follows: 
 
• The locations of peak predicted von Mises 

stresses in the modelled ankle correlated 
well against recorded injuries in PMHS test 
specimens. Based on these correlations a 
predicted von Mises stress of 120 MPa has 
been proposed as the threshold of injury to 
the talus and calcaneus in the model. 

• Predicted loads in the ankle joints ranged 
between 2 kN for sub-injurious sled impact 
conditions up to 2.6-3.8 kN for injurious 
sled impact loading conditions. 

• It was predicted that loading the foot in 
dorsi-flexion increases the risk of injury to 
the neck of the talus and reduces the injury 
risk to the calcaneus. 

• Loading the foot in a neutral position it is 
predicted that the calcaneus is at a greater 
risk of injury compared with the talus. 

• With the foot loaded in eversion it is 
predicted that the lateral aspect of the talus 
would be at greatest risk of injury. Under 
equivalent loading conditions and loaded in 
a neutral position, the calcaneus is at a 
greater predicted risk of injury. 

• Loading the foot in a neutral posture and 
with 21° of eversion the difference in the 
predicted injury initiating loads in the ankle 
joints were as high as 1.0 kN and 
differences in the predicted peak loads in 
heel and mid-foot pads were as high as 
2 kN. 

• A potential 500-fold increase in the stiffness 
of the ligaments joining the mid-foot to the 
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hind foot resulted in a 1.5-2 kN (37-78%) 
increase in the predicted ankle joint loads 
and a considerable reduction in the relative 
shearing and motion between the mid-foot 
and hind-foot. 

• A potential 500-fold increase in the stiffness 
of the ligaments joining the mid-foot to the 
hind-foot resulted in a greater predicted 
injury risk to the neck of the talus. 
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