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ABSTRACT

The aim of the present study is to examine the impact absorption mechanism of the foot for dif-
ferent strike patterns (rearfoot, midfoot and forefoot) using a continuum mechanics approach. A
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three-dimensional finite element model of the foot was employed to estimate the stress distribu-

tion in the foot at the moment of impact during barefoot running. The effects of stress attenuat-
ing factors such as the landing angle and the surface stiffness were also analyzed. We
characterized rear and forefoot plantar sole behavior in an experimental test, which allowed for
refined modeling of plantar pressures for the different strike patterns. Modeling results on the
internal stress distributions allow predictions of the susceptibility to injury for particular anatom-

ical structures in the foot.

1. Introduction

In recent years, it is becoming popular running
barefoot or with minimalist footwear (Rixe et al.
2012), motivated by the belief in a lower risk of
injury (Rothschild 2012) and by the absence of sci-
entific evidence that heel-cushioning shoes reduce
running-related injuries (Richards et al. 2009).
Recent in-depth reviews regarding running-related
injuries in shod and barefoot running concluded
that: (1) despite advances in cushioned running
shoes, runners continue to experience high injury
rates; (2) human beings are designed to run,
although we have run with heel-cushioning footwear
only for the last four decades; (3) there is no clinical
evidence that shod or barefoot runners suffer fewer
injuries; (4) there are biomechanical differences
between both styles of running; (5) due to this, there
are certain benefits between running styles for par-
ticular injuries; (6) many unknowns about the rela-
tionship between running style and injury remain to
be answered; (7) more large-scale studies are
required; (8) there is no unique solution/advice for
all runners (Jenkins and Cauthon 2011; Lohman
et al. 2011; Altman and Davis 2012; Daoud et al.
2012; Rixe et al. 2012).
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In any case, it is undeniable that more and more
runners are replacing their previous heel-cushioning
shoes with the new minimalist shoes (Squadrone et al.
2015). This change implies alterations in several bio-
mechanical aspects. Starting with the fact that running
barefoot tends to strike midfoot or forefoot, this modi-
fies the stride length, which influences loading rate,
plantar peak pressure, step frequency, muscular activity,
leg compliance, ankle, knee and hip kinematics (De
Wit et al. 2000; Divert et al. 2008; Squadrone and
Gallozzi 2009; Lieberman et al. 2010; Yong et al. 2014).
Despite this tendency of flatter foot placement at the
landing when transitioning from shod to barefoot run-
ning, there are still barefoot runners with heel-to-toe
contact pattern (Cheung and Rainbow 2014; Samaan
et al. 2014). Kinematic studies showed that the strike
pattern has a greater influence in the lower leg
mechanics than the shod condition (Shih et al. 2013).
However, approaches different from kinetic/kinematic
or prospective studies have not been performed to
study the mechanical effects of the strike pattern.

The kinetic/kinematic analysis describes motion
and its causes considering the components as rigid
solids, while the continuum mechanics approach deals
with the internal stress produced in the components
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due to the forces acting on them, i.e., deformable
solid. Internal stresses are relevant from a biomechan-
ical perspective since they are related to discomfort,
pain and tissue damage (Jordan and Bartlett 1995;
Witana et al. 2009; Fernandez et al. 2012). Therefore,
a computational simulation based on the finite elem-
ent method can provide information about the mech-
anical performance of the internal components of the
foot during impact at different strike patterns. Despite
the large use of finite element models in foot bio-
mechanics, no previous simulation has analyzed foot
running stresses (Morales-Orcajo et al. 2016).

The plantar sole is the component with the greatest
capacity of impact absorption. Then, before analyzing
the mechanics of the impact at different strike patterns,
it is necessary to investigate the mechanical responses
at different locations on the plantar sole. Previous
mechanical tests of the plantar soft tissue have centered
on the heel pad (Bennett and Ker 1990; Rome et al.
2001; Gefen et al. 2001; Miller-Young et al. 2002; Tong
et al. 2003; Erdemir et al. 2006), while few studies
investigated the response of the submetatarsal soft tis-
sue (Chen et al. 2011). The comparison of results
between regions in these cases is difficult due to the
different test protocols employed in each study and
because most of the studies were focused on structural
properties (geometry dependent properties) instead
of material properties (properties independent of the
geometry). Only one study investigated the material
properties of the plantar soft tissue in six different
locations, but they removed the skin of the specimens
and tested loads up to 20% of the body weight (BW)
(Ledoux and Blevins 2007). Hence, before the running
strike analysis, an experimental characterization of the
mechanical properties of the different plantar sole
regions was conducted for the present study.

The aim of this study was to conduct a biomechan-
ical analysis of foot impact during barefoot running
for different strike patterns to evaluate potential risks
of injury for new adopters of barefoot and minimalist
running. A finite element simulation was performed
in a foot model at rearfoot strike (RFS), midfoot strike
(MES) and forefoot strike (FES) positions to compare
the different stress distributions. Furthermore, the
effect of the landing angle and the surface stiffness in
the reduction of the stresses for RFS was evaluated.

2. Material and Methods

2.1. Experimental plantar sole testing

In order to analyze the mechanical properties of the
human plantar sole, the soft tissue sole from five

frozen-stored feet male elder donors was tested after
thawing. Using a scalpel, the skin and fat pad was
removed together, beginning from the heel to the
forefoot along the plantar aspect of the fascia and the
fat pad of the toes was released of the flexor tendons
until the distal aspect of the toes. The specimens were
tested in compression in a universal material testing
machine (Instron Ltd., U.K., model 5548) shortly after
dissection. Each plantar sole (n = 5) was tested in 15
different locations, as shown in Figure 1, so that fat
tissues kept their natural confinement. A 40mm-
diameter rounded stainless steel platen was used to
test the heel pad and a 10 mm-diameter cylindrical
indenter was employed for the other points (Figure
2). The experiments had the approval of the
Bioethical Research Committee of the Hospital
Clinico San Carlos at Complutense University (n° 12/
210-E).

The testing machine’s scale was set to zero when
the upper plate was touching the base plate. The
undeformed thickness of the specimens was measured
with the vertical position of the upper platen when
the initial stress reach ~1.25KPa (1.6N for ©40 and
0.IN for ©10) (Ledoux and Blevins 2007).
Compression tests were performed at 0.lmm/s of ver-
tical displacement (quasi-static) until load reached
IKN at room temperature (~25 °C). Soft tissues soles
were kept hydrated during testing. For each test, the
testing machine recorded a load-deformation curve.
These curves were normalized to stress-strain curves
and sorted into four groups: rearfoot, midfoot, fore-
foot and toes (Figure 1). The average curve of each of
the four groups was used to compare mechanical
behavior among different plantar sole regions.

Midfoot

Rearfoot

Figure 1. Size and location of the indentations performed in
the plantar sole sorted by regions.
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2.2. Experimental results

The four plantar sole regions exhibited a strong non-
linear stress-strain response up to a limit of 100KPa,
after which the stiffening ratio softened. Three differ-
ent mechanical responses were observed, as shown in
Figure 3. Heel pad showed the stiffest response, while
the mid-arch region showed the softest. The indenta-
tions under metatarsal heads and toes exhibited very
similar responses. Plantar sole thickness decreased
from rearfoot to forefoot. The average thickness meas-
ured for heel pad samples was 16.8 £ 1.2 mm. In the
midfoot, the average thickness was 10.5 + 2.8 mm,
and in the forefoot, the average thickness was 6.7 *
2.1 mm under the metatarsal heads and 6.7 + 0.8 mm
for the toes.

2.3. Plantar sole characterization

In view of the experimental results and considering
that the weight is borne mainly in the areas under the
calcaneus and the metatarsal heads, plantar sole
responses were parametrized for rearfoot and forefoot
separately. The former was based on heel pad tests
and the latter was based on the test for submetatarsal
heads and the toes. Three different hyperelastic con-
stitutive models had been used previously for plantar
soft tissue: a Polynomial model (Lemmon et al. 1997),
the Yeoh model (Spears et al. 2005) and the Ogden
model (Erdemir et al. 2006; Chokhandre et al. 2012;
Chen et al. 2014; Telfer et al. 2015). Rearfoot and
forefoot stress-strain curves obtained from the experi-
ments were introduced in the software ABAQUS
(ABAQUS Inc., Pawtucket, RI, USA) to calculate the
parameters of the three models that best fit the
experimental curves. A Poisson’s ratio of 0.475 was
defined to set the compressibility parameter
(Chokhandre et al. 2012; Chen et al. 2014). A compu-
tational simulation of the compression tests was sub-
sequently performed to evaluate the structural
response of the three constitutive models. Ogden’s

Figure 2. Left: Heel pad indentation. Right: Forefoot indenta-
tions on metatarsal heads marks.

model showed the closest response to the experimen-
tal values. Therefore, the first order Ogden constitu-
tive model was chosen to represent the non-linear
response of the plantar sole tissue obtained from the
experiments. This model describes a hyperelastic
behavior of rubber-like materials accounting for com-
pressibility. Its strain energy density function U in
terms of generalized strain is:

U o o o 1 2
U:§(11+12+)»3—3)+5(1—1)

where p is the initial shear modulus, « is the strain
hardening exponent, and D is the compressibility par-
ameter. The adjusted parameters are given in Table 1.

2.4. Finite element model

A three-dimensional finite element model of the mus-
culoskeletal human foot was employed in this study
(Morales-Orcajo et al. 2017). The model included the
bones, cartilages, muscles, tendons and the plantar
fascia that forms the foot-ankle-complex, all sur-
rounded by a bulk soft tissue that represented fat and
skin. The finite element mesh contained 805,792
tetrahedral elements with element size ranging from
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Figure 3. Average stress-strain curves of the four plantar sole
regions. Mean (solid lines) and standard deviation (dashed
lines). Standard deviations were cut to improve visualization.

Table 1. Material parameters of the tissues simulated with
hyperelastic properties. The parameters correspond to the first
order Ogden constitutive model.

Tissue u (MPa) o D (mm? N7
Tendon 33.1622 24.899 0.0001207
Muscle 0.05737 28.820 1.1283
Forefoot sole 0.01199 9.919 8.4822
Rearfoot sole 0.01995 15.011 5.0963
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1 to 5 mm as a function of geometric requirements.
The model had been previously validated for plantar
pressure and structural displacement (Morales-Orcajo
et al. 2017).

Two isotropic linear material models were used to
simulate bone tissue properties. Cortical bone proper-
ties (17GPa for Young’s modulus and 0.3 for the
Poisson ratio) were applied to the external layer of
elements while for the internal elements, properties
corresponding to trabecular bone were considered
(0.7GPa for Young’s modulus and 0.3 for the Poisson
ratio (Morales-Orcajo et al. 2015)). The elements
between bones were modeled with linear properties of
articular cartilage (0.01GPa of Young’s modulus and
0.4 of Poisson ratio (Morales-Orcajo et al. 2015)). The
tissue properties of the plantar fascia were defined
based on the experiment performed by Wright and
Rennels (1964) with values of 0.35 GPa and 0.3 for
Young’s modulus and Poisson ratio respectively. The
non-linear compressive response of the intrinsic
muscles was simulated with the optimized parameters
calculated by Petre et al. (2013) (Table 1). Tendons
were modeled with a hyperelastic material model fit-
ted in the previous study (Morales-Orcajo et al. 2017)
(Table 1). Finally, the tissue properties of the plantar
sole for rear and forefoot regions were characterized
as described in the previous section.

2.5. Quasi-static strike analyses

A solid block composed of hexahedral elements was
created under the foot to simulate different running
strikes patterns over different types of ground. Three
barefoot running strikes were configured based on the
running strike pattern observations of Lieberman
et al. (2010). Barefoot RFS running was simulated
with an impact force of 1.89BW and an impact angle
of 0 = 16.4°, which corresponds to the impact angle
of habitually shod adults running barefoot (Lieberman
et al. 2010). Barefoot FFS running was set to an
impact force of 0.58BW and 6 = —1.13° as impact
angle. This configuration corresponds to barefoot run-
ners that never were been shod (Lieberman et al.
2010). Barefoot MFS running was considered with the
average impact force of RFS and FFS (1.24BW) and a
landing parallel to the ground (0 = 0°). Additionally,
a moment in the ankle was defined in order to
include running dynamic forces. This moment was
estimated according to ankle moment measurements
during running (Novacheck 1998) and introduced in
the model by applying an axial force at the end of the
Achilles tendon. The proximal extreme of the tibialis
anterior was constrained to have zero displacement, to

simulate the muscle tuning that occurs prior to
impact (Nigg 2001). A description of the boundary
conditions is shown in Figure 4. A quasi-static ana-
lysis was performed for all cases with 700 N of BW.

Two additional scenarios were analyzed for runners
that do not transition to MFS/FFS when running
barefoot: RFS at lower angles of impact and RFS over
softer surfaces. A moderate impact angle was set at 0
= 8.2°, keeping the rest of the parameters equal to the
previously defined RFS settings. Running on different
surfaces was simulated by adjusting the elastic proper-
ties of the ground block. An elastic modulus of 30GPa
was employed in all cases to simulate the hard surfa-
ces of modern infrastructures such as roads or side-
walks (Demir 2005). Softer elastic moduli were
defined to emulate natural environments: 1GPa for
compact soil, 0.2GPa for dense sand and 0.05GPa for
loose sand (Bowles 1996; Zhang et al. 2014).

3. Computational Results

The impact force in RFS was transmitted vertically
through hindfoot bones, from heel to tibia. Figure 5
shows a sagittal section of the hindfoot where this ver-
tical distribution of the compressive stresses is
observed. In the heel pad, the stresses under the calca-
neal tuberosity were higher than at the ground surface
(i.e. internal stress were higher than at the external
layers). Despite the cushioning properties of the heel
pad, high stresses were predicted for the cortical layer
of the calcaneus. This effect was due to the fact that
the cortical layer has a much greater stiffness than the
plantar sole. Although the cortical bone supported
most of the load, the trabecular bone was also stressed.
At the dorsal part of the calcaneus, high compressive

v pva O] cormicaL sone [ sorrmssue
B TrRasecuLAR BONE B ruanTaAR Fascia
FAT . TENDONS AND MUSCLES |_| CARTILAGE
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Figure 4. Boundary conditions of the model in the cross-sec-
tional view of the second radius. Nodes at the proximal end of
the Tibia and tibialis anterior were clamped. Fay: force applied
at Achilles tendon to simulate ankle joint moment; Fyyp: impact
force applied in each case; 0: strike angle.
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Figure 5. Compressive stress distribution of the hindfoot dur-
ing RFS in barefoot running.

stresses appeared due to the bending forces. Because of
the rigidity of the system in REFS, high pressures take
place at the talocrural and subtalar joints. The heel pad
was deformed up to 64.7% in the thinnest part just
under calcaneal tuberosity. A maximum plantar pres-
sure of 1.4MPa was predicted at the base of the heel.
The peak plantar pressure was calculated by averaging
the contact pressure of the elements located under the
calcaneus tuberosity as the measured local pressures in
barefoot running (De Wit et al. 2000). Regarding the
tendon work, the tibialis anterior presented high trac-
tion stresses in  opposition to the ankle
joint movement.

The impact force in FFS was distributed among the
five rays. High stresses appear in the metatarsals due to
the bending forces derived from the running advance.
This condition also produced a stretch of the plantar
fascia. Plantar sole under metatarsal heads presented
peak plantar pressures of 0.48 MPa and strains up to
52.9%, with a greater contact surface than in RFS. MFS
analysis presented very similar stress distribution to
FFES. In that case, the contact surface was twice that of
FFS, which yielded maximal plantar pressure values
similar to the FFS. The deformation of the plantar sole
was 55.6% under the calcaneus and 54.7% under the
metatarsal heads. The remaining components of the
foot were under stress levels analogous to FFS.

The additional scenarios considered for RFS condi-
tion showed an 18% reduction of the maximal plantar

pressure when halving the impact angle. However, the
effect of elastic properties of the ground in the reduction
or the peak plantar pressure was not significant.
Running over compact soil did not reveal relevant dif-
ferences in peak plantar pressure and stress distribution
compared to landing on hard surfaces. Reduction of
contact pressure similar to halving the landing angle was
predicted for soil elastic modulus lower to 0.2 GPa,
i.e, sand.

4, Discussion

Running barefoot is catching on in recent years, lead-
ing many runners from change heel-cushioning shoes
to minimalist shoes. This transition requires adapta-
tion of the running style in order to avoid possible
injuries. The main difference between running shod
and barefoot or minimalist is the midsole cushioning
layer of modern running shoes. This layer provides an
extra aid for absorbing impact forces, which have
modified the running technique to landing with high
angles. Then, when this cushioning layer is removed,
runners should return to the original running tech-
nique. If this transition is not well addressed, it could
result in impact related injuries (Samaan et al. 2014;
Altman and Davis 2015). In order to analyze impact
absorption mechanisms of the foot, a number of sim-
ulations were performed for different strike patterns
while barefoot.

Since each strike pattern makes initial ground con-
tact with a different part of the plantar sole, detailed
information of the mechanical properties of the plan-
tar sole in different regions was important. Fifteen
locations of the plantar sole were indented to obtain
the stress-strain curve. The subcalcaneal tissue showed
a stiffer response than the submetatarsal tissue, while
the forefoot was stiffer than the soft tissue in the mid-
arch. These differences seem to be due to the distinct
structure and composition of the plantar sole in each
location. Chen et al. (2002) investigated differences in
strength at the plantar skin interface and found simi-
lar results. They reported that the strength in the heel
region was significantly higher than in all other
regions and forefoot higher than in mid-arch region.
In the same line, Ledoux and Blevins (2007) deter-
mined in a stress relaxation study of the plantar soft
tissue that the subcalcaneal tissue is different from
other plantar soft tissue areas. Although tests were
not performed in living subjects, it has been proven
that plantar sole specimens stored frozen yield similar
mechanical properties (Bennett and Ker 1990).

The plantar sole strains and pressures predicted in
the simulation were in the range of the values reported
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in actual measurements of barefoot runners. De Clercq
et al. (1994) measured a deformation of 60.5 + 5.5%
of the heel pad in vivo on a barefoot running step
comparable to the 64.7% predicted in the present
study. De Wit et al. (2000) measured an average max-
imal pressure of 0.97 + 0.35MPa for seven volunteers
running barefoot at 4.5 m/s with an average angle
landing of 6.6 + 5.6°. The peak pressure predicted in
the present study for a RFS angle of 8.2° was similar
(1.1IMPa), and in a standard deviation (1.4 MPa) for
striking at 16.4°.

From the perspective of impact mechanics, MFS and
FFS presented analogous response in the internal and
external stress distribution. However, significant differ-
ences were found compared with RFS. In a RFS, the
foot presents a stiffer response where only the heel pad
absorbed the energy of the impact, producing high com-
pressive stresses in the hindfoot bones and cartilaginous
joints. However, when the foot lands flat (MFS) or plan-
tarflexed (FFS), the system gained compliance through
flexure of the metatarsals aided by the elastic response
of the fascia, which improves the absorption of the
impact. Understanding these two mechanisms of impact
absorption would help to predict which foot anatomical
structure is more prone to injury.

Based on present results and considering that a
touchdown is a repetitive event during running, dif-
ferent risks of impact related injuries can be associ-
ated with each strike pattern. The internal stress
predicted for each foot component in the RFS, MFS
and FFS simulations suggest that RFS runners could
be more prone to suffer calcaneal stress fracture, car-
tilage damage, tibialis anterior tendinitis and heel
ulceration, whereas MFS/FFS runners might have a
greater risk of metatarsal stress fracture, plantar fasci-
itis, and submetatarsal ulceration.

In the present study, stress in the metatarsals was
predicted higher for MFS and FFS compared to RFS,
what can be presumed for runners that transitioned
from shod to barefoot running since barefoot runners
tend to land flatter i.e., less RFS (Lieberman et al.
2010). A recent clinical report alerted to two cases of
metatarsals stress fracture in experienced runners who
transitioned to minimalist footwear (Giuliani et al.
2011). It was proposed that the transition without spe-
cific training was a factor leading to injury. The plantar
fasciitis risk predicted for MFS and FES is based on
two different principles. In FFS, the plantar fascia is
stretched due to the bending of the foot; the foot arch
compliance is greater, which produces a stretch of the
fascia. However, in MFS the compressive stress origi-
nates at the base of the calcaneus at the plantar fascia

insertion. This stress also occurs in RFS at very low
impact angles. Plantar fasciitis has been correlated with
load rate (Pohl et al. 2009), which is associated to RFS
but also was correlated with low arch index (Pohl et al.
2009), which is related to excessive strain.

Another important factor when transitioned from
shod to barefoot running is the intrinsic foot muscula-
ture. An increase in the size of these muscles, when
transitioned to barefoot or minimalist running, has been
hypothesized (Mullen et al. 2014), but only measured
for training periods over 12 weeks (Miller et al. 2014;
Campitelli et al. 2015; Johnson et al. 2015; Chen et al.
2016). The three largest plantar intrinsic foot muscles,
abductor hallucis, flexor digitorum and quadratus plan-
tae, have been demonstrated to have the capacity to
control foot posture and longitudinal arch stiffness
(Kelly et al. 2014), but no study has been found to ana-
lyze the role of the internal foot musculature as function
of the strike pattern. Only one study has investigated
the differences in the muscle activity between RFS and
FFS runners (Yong et al. 2014). They measured electro-
myographic patterns of ten lower limb muscles from
natural RFS and FFS runners founding the Tibialis
Anterior muscle more active for RFS runners in the late
swing phase, ie. right before touchdown, whereas the
Gastrocnemius more active for FFS runners.

Two attenuating factors were evaluated for RFS
barefoot runners: the landing angle and the surface
stiffness. The results suggested that the angle of impact
plays a more important role in reducing plantar pres-
sure than the surface stiffness. A previous correlation
between the angle of impact and the local pressure
under the heel was found in a kinematic study coupled
with plantar pressure measurements (De Wit et al.
2000). It was assumed that barefoot runners strike in
flatter positions to avoid high plantar pressure during
impact. Our simulation confirmed this reduction of
peak plantar pressures from severe (16.4°) to moderate
(8.2°) impact angles. The slight influence of ground
stiffness in stress levels could explain the absence of
injury reduction when running on soft surfaces com-
pared with harder surfaces (Nigg 2001).

The barefoot simulations and discussion of strike
effects can be extended to the minimalist running
since the minimalist shoes do not provide any add-
itional cushioning support. Therefore, the mechanics
of impact for barefoot and minimalist running can be
assumed to be equal. The preference to run minimal-
ist instead of barefoot is due to the protective layer
that provides the sole to avoid minor skin injuries
such as cuts or abrasions.

There are some limitations in the simulation that
have to be considered. The model employed did not
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include the lower extremity which is responsible for part
of the primary impact attenuation in running strike.
To compensate for this, different boundary conditions
were defined as a function of the strike pattern.
Furthermore, the simulations were reduced to the
quasi-static analysis of the impact moment. That is,
dynamic factors such as the loading rate or the com-
plete analysis of the stance phase were not analyzed.
Lastly, the compressive response of healthy runners’
plantar soles could provide better impact absorption
capacity than the elder donor specimens tested.

In summary, most of the biomechanical studies of
barefoot running were focused on kinematic and kin-
etic measurements. The present study was intended to
analyze the internal stresses of the foot components at
the moment of impact as a function of the strike pat-
tern. Two different mechanisms of impact absorption
were described and associated with injury risks. It was
found that the landing angle has more relevance in
reducing impact stresses than the stiffness of the
surface. In addition, the model presented in this study
is a step forward in the field of foot computational
modeling involving a complete three-dimensional foot
model with the real geometry of tendons and muscles,
introducing non-linear properties for all soft tissues
except plantar fascia and differentiating between rear-
foot from forefoot plantar soft tissue responses.
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