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Abstract

No technology is presently available to provide real-time information on internal deformations and stresses in plantar soft tissues

of individuals during evaluation of the gait pattern. Because internal deformations and stresses in the plantar pad are critical factors

in foot injuries such as diabetic foot ulceration, this severely limits evaluation of patients. To allow such real-time subject-specific

analysis, we developed a hierarchal modeling system which integrates a two-dimensional gross structural model of the foot (high-

order model) with local finite element (FE) models of the plantar tissue padding the calcaneus and medial metatarsal heads (low-

order models). The high-order whole-foot model provides real-time analytical evaluations of the time-dependent plantar fascia

tensile forces during the stance phase. These force evaluations are transferred, together with foot–shoe local reaction forces, also

measured in real time (under the calcaneus, medial metatarsals and hallux), to the low-order FE models of the plantar pad, where

they serve as boundary conditions for analyses of local deformations and stresses in the plantar pad. After careful verification of our

custom-made FE solver and of our foot model system with respect to previous literature and against experimental results from a

synthetic foot phantom, we conducted human studies in which plantar tissue loading was evaluated in real time during treadmill gait

in healthy individuals (N ¼ 4). We concluded that internal deformations and stresses in the plantar pad during gait cannot be

predicted from merely measuring the foot–shoe force reactions. Internal loading of the plantar pad is constituted by a complex

interaction between the anatomical structure and mechanical behavior of the foot skeleton and soft tissues, the body characteristics,

the gait pattern and footwear. Real-time FE monitoring of internal deformations and stresses in the plantar pad is therefore required

to identify elevated deformation/stress exposures toward utilizing it in gait laboratories to protect feet that are susceptible to injury.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Traditionally, gait analysis involves kinematic and
dynamic studies of whole body mechanics. Based on
measurements from a force plate and motion tracking
system, biomechanical models are embedded in the
analysis of kinematic/dynamic data to allow evaluation

of joint and muscle forces (Nigg and Herzog, 1994).
However, no technology is presently available to
provide real-time information on internal deformations
and stresses in lower limb soft tissues of patients during
evaluation of the gait pattern. Specifically, current gait
analysis techniques consider the contact forces and
pressures between the foot and ground, but internal
deformations/stresses within the soft tissues of the foot
are not addressed (Nigg and Herzog, 1994). Since
internal deformations and stresses in the plantar pad
are critical factors in foot injuries such as diabetic
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ulceration and overuse damage, this substantially limits
evaluation of patients (Gefen, 2003a; Gefen and Linder-
Ganz, 2004). For example, pathological stiffening of
plantar tissues in the diabetic foot leads to intensified
internal stresses in deep soft tissues under the second
metatarsal head, which may be �two-fold the interfacial
stress at this site (Gefen, 2003a). Therefore, injuries in
the diabetic foot may initiate in deep soft tissues which
are presently not monitored in the evaluation of diabetic
patients in the gait laboratory, or while fitting orthoses
and footwear for these patients (Gefen, 2003a; Gefen
and Linder-Ganz, 2004).

Finite element (FE) modeling is a well-established
method for obtaining biomechanical characteristics of
the foot, including internal deformation and stress
magnitudes in its skeletal, ligamenteous, muscular, fat
and other soft tissue components (Gefen et al., 2000;
Giddings et al., 2000; Chen et al., 2001; Gefen, 2003a;
Gefen and Linder-Ganz, 2004; Cheung et al., 2005).
However, because FE analysis requires substantial time
and bioengineering specialization for development of
models of complex musculoskeletal structures such as
the human foot, its use is currently limited to basic
research of the foot and gait biomechanics. Accordingly,
no attempts were reported for employing FE to real-
time subject-specific analysis of the foot.

The goal of this study was to develop a practical real-
time method for monitoring deformations and stresses
in soft tissues of the plantar foot of individual subjects
during gait. Real-time feedback on the internal loading
of the plantar pad, synchronized with generally accepted
measurements of foot kinematics and dynamics, will
eventually allow immediate orthotic interventions and
footwear modifications in the clinical setting, to reduce
internal stress concentrations and avoid excessive
deformations in the plantar tissues.

The method proposed herein couples analytical
modeling of the foot with FE analysis of the heel
and metatarsal head regions in the plantar pad. This
method allows visualization and quantitative analysis of
time-dependent deep soft tissue deformations/stresses
during the stance phase of gait in individuals, as related
to the individual’s measured contact pressure pattern
and foot kinematics. The monitored deformations/
stresses provide important new information on the
foot mechanics, which is potentially helpful for diag-
nosis and prognosis of patients, and may allow better
fitting of orthoses or footwear based not only on
foot–shoe contact pressures, but also on internal plantar
tissue mechanics. For example, this method may
be useful in providing additional information when
evaluating the risk for diabetic foot ulceration and
in prescribing footwear or orthoses to minimize
deformations and stresses in the vulnerable deep soft
tissues of the plantar pad (Gefen, 2003a; Gefen and
Linder-Ganz, 2004).

2. Methods

2.1. Rationale

Biomechanical analysis of the foot was so far carried out
using either analytical modeling or numerical (commonly
FE) modeling. In analytical modeling, structural analysis is
employed, so that bones are modeled as rigid rods, and
connective soft tissues such as ligaments are modeled as
elastic springs or viscoelastic spring–damper systems (Paul,
1966; Kim and Voloshin, 1995; Gefen, 2003b; Erdemir and
Piazza, 2004). Structural analysis allows solving complex
rod/spring/damper structures where the degree of reality of
representation of the foot depends on the number of
degrees of freedom in joints, representation of tendon-
muscular loading system, number of ligaments included in
the model, two-dimensional (2D) or three-dimensional
(3D) construction, and consideration of dynamic (inertial)
effects (Paul, 1966; Kim and Voloshin, 1995; Gefen,
2003b; Erdemir and Piazza, 2004). Structural models
typically allow fast computation time, and can be
parametric in dimensions and viscoelastic mechanical
properties of tissues, so that individual subject feet and
gait can be robustly analyzed. Although the general
mechanical characteristics of the foot, such as forces
transferred through the hindfoot or forefoot or extent of
foot sagging, can be predicted from analytical structural
modeling (Kim and Voloshin, 1995), local tissue deforma-
tions and stresses cannot be obtained due to the
geometrical simplicity. On the other hand, numerical FE
modeling allows accurate 3D reconstruction of the real
foot anatomy including most hard/soft tissue components,
and subsequent predictions of the distributions of internal
tissue deformations and stresses (Gefen et al., 2000;
Giddings et al., 2000; Chen et al., 2001; Gefen, 2003a;
Gefen and Linder-Ganz, 2004; Cheung et al., 2005).
Constraining and loading such a realistic FE foot model is
more representative of foot–shoe or foot–ground contact
in real-life stance phase events, as tissue motion or loading
can be defined individually for every musculoskeletal
component in the model (e.g. regions of the plantar pad,
certain bones, etc.) (Gefen et al., 2000). The major
drawback of FE modeling when employed for subject-
specific analysis is the substantial time and bioengineering
specialization that are needed to tailor the FE model to the
individual anatomy and tissue mechanical properties.
Apparently, this factor so far limited FE foot models to
be employed for basic research (Gefen et al., 2000;
Giddings et al., 2000; Chen et al., 2001; Gefen, 2003a;
Gefen and Linder-Ganz, 2004; Cheung et al., 2005) rather
than for subject evaluation.

Merging the analytical and numerical approaches in a
single foot model offers several advantages. Specifically,
it allows one to focus on regions of interest in the foot,
e.g. the plantar pad regions susceptible to diabetic
ulceration, and obtain detailed deformation/stress
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analyses locally within these regions of interest without
needing to solve the deformation/stress distribution in
the whole foot. This concept requires hierarchical
modeling: The higher-order model in the hierarchy—
the whole foot—is solved analytically for forces in the
joints, hindfoot, forefoot, Achilles tendon, ligamenteous
and fascia tension. The lower-order models—isolated
local plantar pad portions—are loaded with the shoe
reactions or ground reactions and with the above global
force system from the high-order model, and are solved
numerically using the FE method. Importantly, this
hierarchical system of models is designed so that both
levels of the hierarchy can be solved in real time for
time-dependent, measured boundary conditions. To
make our model relevant for future studies of the
diabetic foot, we focused the low-order levels of the
model on two regions that are maximally loaded during
standing and gait and, accordingly, are most frequently
injured in diabetes: the heel pad and medial metatarsal
head pad (Jeffcoate and Harding, 2003).

2.2. High-order analytical foot model

The high-order foot model is considered as a 2D
structure tailored to the individual foot anatomy using
his/her lateral foot X-ray (Fig. 1). This model utilizes
continuous measurements of local shoe or ground
reaction forces under the calcaneus (Fcl), medial
metatarsal head (Fmh) and medial phalange (Fph), which
are the three maximally loaded sites during normal gait
(Jacob and Patil, 1999; Gefen et al., 2000; Chen et al.,
2001). The forces Fcl, Fmh, Fph were acquired continu-
ously during gait using flexible ultra-thin pressure
sensors (Flexiforce, Tekscan Co., MA, USA) embedded

in lab-prototype insoles. The geometrical dimensions
extracted from the lateral X-ray to define the individual
foot anatomy in the high-order model are detailed in
Table 1. Structural analysis of this 2D model (Fig. 1) is
aimed at approximating the individual’s dynamic
plantar fascia tension during the stance phase of gait
Fpf. As described later on, Fpf is utilized as a time-
dependent boundary condition for the low-order local
FE analyses of plantar pad regions.

The detailed derivation of equations to calculate
Fpf is provided in Appendix A. In order to calculate
Fpf we first calculate the force in the Achilles tendon
Fac, followed by the ankle joint reaction Ft and
plantar ligament force Fl (Fig. 1b, Table 2). Here
we describe the important equations resulting from
this analysis.

Using the measured local ground reaction forces Fcl,
Fmh, Fph, we approximated the transient force in the
Achilles tendon Fac (Fig. 1b) from dynamic equilibrium:

where Dph, Dt, Dmh, Dcl and Dac are the vector distances
(with x,y components) of the phalange reaction,
ankle joint reaction, metatarsal head reaction, calcaneal
reaction and Achilles tendon force from the center
of the cuneiform (Fig. 1b). We determined the
center of the cuneiform to be the rotational degree of
freedom in the forefoot (Fig. 1) based on cadaver
studies which showed maximal foot arch flexibility in
this site (Kitaoka et al., 1997; Roling et al., 2002). The
angles a and b are defined between the vector Fph and
the vertical axis and between the vector Fcl and the
vertical axis, respectively. The reaction at the ankle
joint, Ft, is hence

F t ¼
Fac þ F cl cos bþ Fmh cos aþ Fph cos a

cos g
, (2)
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Fig. 1. High-order analytical foot model: (a) geometry extracted from

individual lateral X-rays (dimensions defined in Table 1), and (b)

measured and calculated forces (as defined in Table 2).

Fac ¼

Fph cosðaÞ½Dx
ph þDx

t � � Fph sinðaÞ½Dy
ph þD

y
t � þ Fmh cosðaÞ½Dx

mh þDx
t �

�Fmh sinðaÞ½Dy
mh þD

y
t � þ F cl sinðbÞ½D

y
cl þD

y
t � � F cl cosðbÞ½Dx

cl �Dx
t �

ðDx
ac �Dx

t Þ
, (1)
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where g is the angle between the vector Ft and the vertical
axis, which is obtained from equilibrium between ground
reactions and internal forces (Appendix A). This further
allows to calculate the internal tensile forces in the
plantar ligament (Fl) and plantar fascia (Fpf) in the foot:

F l ¼

FacD
x
ac � F tðcos gDx

t þ sin gDy
t Þ � FmhDx

mh cosðaÞ

þFmhD
y
mh sinðaÞ þ F clðcos bDx

cl � sin bD
y
clÞ

þFphðsin aD
y
ph � cos aDx

phÞ

cos dðH2
l �H1

l Þ

� sin dðDx2
l þDx1

l Þ

" # ,

(3)

Fpf ¼
Fmh½D

x
mh cosðaÞ �D

y
mh sinðaÞ� þ Fph cosðaÞDph � F l cosðalÞðHp �H lÞ

Hp
,

(4)

where d is the angle of the plantar ligament with respect
to the horizon, ac is the inclination of the plantar anterior
aspect of the calcaneus with respect to the ground, Lcil is
the length of projection of the plantar anterior aspect of
the calcaneus on the ground, Hl is the height of the
insertion of the plantar ligament to the metatarsal bone
(measured from the ground) and Hp is the height of the
center of rotation (center of cuneiform) with respect to
the ground (Fig. 1a). Eqs. (1)–(4) are used in real time
through the whole stance phase, from heel contact to toe-
off. The time-dependent fascia tension forces Fpf (Eq. (4))
are transferred, together with the measured ground
reactions (Fcl, Fmh, Fph), to the lower-order level of the
hierarchical model of the foot, where they serve as real-
time boundary conditions for local FE analysis of the
plantar pad regions under the calcaneus and medial
metatarsal head.

2.3. Low-order numerical model of plantar pad regions

For real-time local analyses of deformations, stresses
and stress concentrations in the heel pad and metatarsal
head pad, we consider sagittal 2D cross-sections through
these sites (Fig. 2) as the low-order local FE models.
These local models further allow one to consider the
individual anatomical curvature of the bony promi-
nences at the plantar calcaneus and medial metatarsal
head, and the individual thickness and constitutive
properties of the plantar pad at these sites (Fig. 2). We
measure the curvature of bones and local thickness of
the plantar pad from the individual lateral X-ray.

Boundary conditions for each local low-order model
are taken as follows: (i) no slip between the plantar pad
and bone surface; (ii) the plantar surface of each model
is subjected to real-time measured local force Fcl or Fmh,
for the heel pad and metatarsal head pad, respectively;
(iii) the lateral aspects of each model are subjected to
tension force transferred from the plantar fascia Fpf,
which is obtained from the high-order (analytical) part
of the hierarchical model (Eq. (4)). The plantar fascia
tension is applied on the lateral aspects of the local low-
order models to consider the mechanical action of the
fibrous attachments of the plantar fascia to the plantar
pad, which apply tension on the plantar pad when the
foot is bearing weight (Fig. 2) (Gefen, 2003b).

Subjected to the above-described boundary condi-
tions, the low-order local models (Fig. 2) are solved
using linear FE, Kd ¼ f , where K is the stiffness matrix,
and d and f are the displacement and boundary force
vectors, respectively. For a 2D FE analysis, the latter
relation solves n number of unknowns, which corre-
sponds to the number of nodal points (Clough, 1960,
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Table 1

Geometrical dimensions extracted from a lateral X-ray of the foot to

define the geometry of the high-order analytical foot model,

corresponding to Fig. 1a

Variable Description

Lac Horizontal distance from the base of the calcaneus to the

insertion of the Achilles tendon into the calcaneus

Lcil Horizontal distance from the base of the calcaneus to the

insertion of the plantar fascia into the calcaneus

Lph Length of the hallux

Lf Length of foot

Wc Horizontal length from the insertion of the Achilles

tendon into the talus apex

Wtnc Horizontal length of the proximal arch

Lm Length of the medial metatarsal

Lc Length of the cuneiform

am Inclination of the first metatarsal with respect to the

ground

ac Angle between the plantar anterior aspect of the

calcaneus and the ground

al Orientation of the plantar ligament, approximated from

the locations of its insertion sites at the cuneiform and

calcaneus

Table 2

Foot-insole reaction forces and orientations (measured inputs for the

high-order analytical model) and internal foot forces (outputs of the

high-order model), corresponding to Fig. 1b

Variable Description

Ground reaction forces (approximated from an insole instrumented

with pressure sensors)

Fcl Ground reaction force under the calcaneus

Fmh Ground reaction force under the first metatarsal head

Fph Ground reaction force under the hallux

Angles (approximated from a tilt sensor embedded in the shoe)

a Angle of ground reaction force under the hallux

b Angle of ground reaction force under the calcaneus

Calculated internal force vectors (from high-order foot model)

Fac Force in the Achilles tendon

Ft Force in the tibio–talus joint

Fpf Tensile force in the plantar fascia

Fl Tensile force in the plantar ligament

g Angle of force in the tibio–talus joint

d Plantar ligament angle
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1994; Fung, 1965). The time complexity of the linear FE
problem in 2D is in the order O(n3) (William, 1986).
Fortunately, in our low-order models, only the bound-
ary condition force vector f (which includes plantar
fascia tension from the high-order model and local
measured shoe/ground reactions) changes between
subsequent time steps. This feature allows one to
improve the computation speed by constructing an LU

decomposition solution (William, 1986). Specifically,
construction of the LU representation of the stiffness
matrix K, which is executed once, is of a time complexity
order of O(n3), but all subsequent FE solutions are of
the order of O(n2). For example, a FE mesh of 100
nodes that is solved by LU decomposition allows a
solution that is �200-fold faster. For our application,
meshes containing up to 100 nodes were suitable for
real-time analysis of gait using a 2GHz Pentium 4
personal desktop computer.

Time-dependent element strains eij(t) are calculated
from the mesh displacements vector d (Clough, 1960,
1994; Fung, 1965). Time-dependent stresses sij(t) in the
mesh are calculated from the element’s state of strains
(Clough, 1960, 1994; Fung, 1965):

sijðtÞ ¼ CijeijðtÞ, (5)

where the constitutive tensor Cij is taken as that of a
homogeneous isotropic elastic material:

Cij ¼
E

ð1� n2Þ

1 n 0

n 1 0

0 0 ð1� nÞ=2

2
64

3
75 (6)

and E and n are the elastic modulus and Poisson’s ratio
of the material, respectively.

For this application—as a first step to establish
feasibility of real-time monitoring of internal deforma-
tions/stresses in the plantar pad of individual subjects—
we assumed that the plantar tissue behaves linear-
elastically and is an incompressible material (Poisson’s
ratio n ¼ 0:5) (Eqs. (5) and (6)). These assumptions for
material properties of the plantar pad were used in
previous biomechanical models of the foot and were
considered adequate for obtaining approximations of
the state of tissue deformations and stresses (Jacob and
Patil, 1999).

2.4. Prototype real-time monitor for internal plantar pad

deformations/stresses

The previously described hierarchical model system
was implemented using C++ (Visual Studio 6.0,
Microsoft Co., WA, USA). Shoe insole reaction forces
under the calcaneus (Fcl), metatarsal heads (Fmh) and
phalanges (Fph) were obtained in real time using an
insole instrumented with flexible, ultra-thin force
sensors located under the bony prominences of each
individual foot, by means of palpation (Flexiforce,
Tekscan Co., MA, USA, Fig. 2, bottom). The force
readings from the sensors were amplified according to
the manufacturer’s specification and were sampled to a
1.6GHz Dothan Pentium 4 PC laptop with 1024MB
RAM, using an A/D board (NI USB 6016, 16 bit,
National Instruments Co., TX, USA). Deformation/
stress distribution data were processed in real time
(Eqs. (1)–(6)) and were displayed on-line during tread-
mill walking of subjects.

With respect to performances of the FE code in this
laptop-based prototype system, we were able to run
measurements in which the plantar pad regions (heel
pad, metatarsal pad) were meshed to an array of 150
elements and the computation time between subsequent
FE solutions was less than 25ms. We typically obtained
30 deformation/stress distribution frames for a stance
phase of a subject. We analyzed the computation time
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Fig. 2. Low-order numerical (finite element) model of the heel pad or

metatarsal pad: The undeformed shape (heel pad model) is shown in

light gray, and the deformed shape is shown in black (center frame).

Model geometry (e.g. plantar calcaneal curvature, heel pad thickness)

is extracted from a lateral X-ray (top frame) and ground reactions are

measured and fed into the model in real time using an insole

instrumented with three sensors (Flexiforce, Tekscan Co., MA,

USA) that are positioned under the calcaneus, metatarsal heads and

phalanges to measure Fcl, Fmh and Fph, respectively (bottom frame).
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for this rate of analysis, and found that �75% of the
computation time was used for solving the LU linear
system of equations for deformations, �20% was
devoted to strain and stress calculations, and the other
�5% were consumed by graphical presentation.

2.5. Validation studies

2.5.1. Finite element code verification

We verified that our custom-made FE solver is robust
and that the present FE algorithm provides solutions
that are identical to solutions of a market-standard
widely used FE solver (MSC NASTRAN 2003, CA,
USA) for the same geometry, mesh, material properties
and boundary conditions. Specifically, we compared the
deformations and stresses in the heel pad model shown
in Fig. 2 (for bone radius of curvature ¼ 50mm, pad
thickness ¼ 20mm) under loading characteristic of the
midstance sub-phase of gait (Fpf ¼ 135N, F cl ¼ 12N),
as predicted by our real-time FE solver, with predictions
of the commercial FE software package. The agreement
between the simulations was very good, with maximal
differences of 1% and 2% in displacement and stress,
respectively (Fig. 3). These very minor differences are
caused due to our selection to use ‘‘floating-point
variable’’ instead of ‘‘double precision variable’’ in
order to speed up computations, and also due to
differences between numerical algorithms of linear
matrix solution (William, 1986).

2.5.2. Simulated gait data studies

We fed the real-time FE solver with published gait
data of time-dependent magnitudes and orientations of
the ground reaction force vectors that develop during
the stance phase under the calcaneus (Fcl), metatarsal
heads (Fmh) and phalanges (Fph) (Nordin and Frankel,
1989). Since our force sensors embedded in the insoles
measure time-dependent magnitudes of local ground
reactions but not their orientation, we aimed at testing
the effect of neglecting the angles of the force vectors
(i.e. assume that local ground reactions act perpendicu-
larly to the insole) on the results of Fpf (Eq. (4)) and
consequent real-time FE results of stresses in the heel
pad. We found that until midstance occurs, Fpf did not
differ by more than 1% if ground reaction angles are not
considered. From midstance to heel rise, differences
were less than 4%; however, during terminal stance (toe-
off), differences were up to 75% (Fig. 4a). Stress results
(principal compression, principal tension, shear and von
Mises) correlated with the above behavior (Fig. 4b).
Differences are increasing with the progress of the stance
phase from early midstance because the foot is in
progressive dorsiflexion, which is very mild and slow
from early midstance to heel rise, but becomes rapid and
substantial from heel rise to terminal stance. We
conclude that our present insole prototype, which lacks

the ability to measure angle orientations of the local
ground reaction force vectors, is appropriate for
monitoring the stance phase until the event of heel rise.
Interestingly, stress doses (integral of stress over time,
calculated separately for principal compression/tension,
shear, von Mises) for the whole stance phase showed
much lower maximal differences, of �9%, between cases
where ground reaction angles were considered or not,
compared with the �75% maximal differences in Fpf,
principal stresses and von Mises stress results from the
time of heel rise (Fig. 4b).
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Fig. 3. Comparison of heel pad (a) deformations and (b) stresses under

loading conditions typical to the midstance subphase of gait, as

predicted by our real-time FE analysis (top) and by a commercial FE

software package (bottom, NASTRAN 2003).
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Predictions of the force in the Achilles tendon, Fac

(Eq. (1)), and tensile force in the plantar fascia (Eq. (4))
from the present real-time foot model were compared
with those from the more complex model of Giddings et
al. (2000). Giddings et al. presented a 2D FE model of
the foot, which unlike the present model, accounted for
the geometry of each individual bone in the sagittal
plane, but could not provide real-time solutions. Visual
comparison between the present results and those of
Giddings et al. (2000) confirms that the predictions of
the present real-time model are valid and that the
assumption of rigid bars to represent the bones of the
foot in the high-order model was reasonable (Fig. 5).

We further tested the deformations and stresses of the
heel pad for the published data of time-dependent Fcl, Fmh

and Fph (Nordin and Frankel, 1989). The realistic
mechanical behavior of the plantar pad in vivo is nonlinear
viscoelastic (Gefen et al., 2001a); however, considering that
viscoelastic effects are ignored in our modeling system at
this stage in order to establish feasibility of real-time
subject-specific analysis, the elastic modulus value for

these simulated gait studies was selected as E ¼ 1:5MPa
(Eq. (6)), higher (�four-fold) than values measured in
some slow-loading plantar tissue studies (Gefen et al.,
2001a). Selection of such a high modulus value compen-
sates for neglecting high strain rate stiffening effects and
accounts for hyperelastic tissue behavior at large strains, as
is expected to occur in the plantar pad during moderate to
fast gait. Specifically, selection of the 1.5MPa value was
based on the recent work of Spears et al. (2005), who
formulated a new material model for the heel pad. Their
material model provides a tangent elastic modulus of
�1.2MPa for the heel pad under rapid compressive loads
and large strains (in the range of 30–40%); however, the
effect of plantar skin tissue was not included in their
model. Notably, plantar skin (�2mm thick, Habif, 2003)
is stiffer than the fat tissue in the heel pad (�10mm thick,
Gefen et al., 2001a, b), and its elastic modulus was
reported to be up to �3MPa (Serup and Jemec, 1994).
A simple composite material model yields that the effective
elastic modulus of the heel pad when plantar skin is
considered should be �1.5MPa. Overall, selection of E ¼

1:5MPa for our simulated gait studies provided good
agreement with reported in vivo deformations of the
plantar pad during walking (�30%, Gefen et al., 2001a).
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Fig. 4. Effect of ground reaction vector angles: (a) effect on plantar

fascia tension force Fpf calculated from the high-order foot model (Fig.

1) for simulated Fcl, Fmh and Fph gait data (Nordin and Frankel, 1989);

(b) effect on von Mises stress and stress dose in terms of ratio of

solutions incorporating or not incorporating ground reaction vector

orientation, as a function of gait cycle.
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Simulated compression of the plantar pad under the
medial metatarsal head (Fig. 6, top) as a function of the
simulated forces transferred through the plantar foot
during the stance phase of gait (Fig. 6, bottom) lasted 0.6 s.
Over that timeframe, the maximal compressive strain of
the metatarsal pad was 35% (Fig. 6, top, frame ‘‘F’’), and
the strain rate at that event was 136% per second. The
strain rate during initial forefoot–ground contact (Fig. 6
top, frame ‘‘A’’, strain 11%) was 183% per second.
During toe-off, the strain rate was 167% per second.

We tested the sensitivity of stress predictions
of the low-order FE model of the heel pad to anatomical
variations in bone radius of curvature and plantar
fascia tension for the simulated gait data of Fcl, Fmh and
Fph. Specifically, we decreased calcaneal radii
of curvature from 20 to 15mm, and increased plantar
fascia force from 135 to 162N. Smaller bone radii
(Fig. 7a, b) had little effect (o3%) on internal peak
von Mises stress; however, the 20% rise in plantar
fascia tensile force (e.g. considering a higher arch foot
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Fig. 6. Simulation predictions of the time-dependent deformation of the fat pad under the medial metatarsal head during the midstance and push-off

subphases of the stance phase of gait (top), corresponding to simulated Fcl, Fmh and Fph time-dependent local ground reactions (bottom). For each

timeframe, the deformed tissue configuration (black) is superimposed with the undeformed (unloaded) configuration (gray). Maximal compressive

strains are provided for each timeframe. Events A–H of the stance phase are depicted synchronically for both time-dependent deformation frames

and ground reaction force evolution.
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structure) caused an �17% increase of peak stress
(Fig. 7a, c).

2.5.3. Foot phantom studies

Since it is not feasible to validate internal stress values
predicted by our real-time model with respect to internal
tissue stresses in walking human subjects, we con-
structed a synthetic replica (phantom) of the foot for the
purpose of real-time FE model validation (Fig. 8). The
experimental apparatus included a synthetic phantom of
the foot, with a rigid plastic skeleton (elastic modulus
14MPa, Poisson’s ratio 0.3) embedded in silicon that
represented the plantar soft tissue (tangent elastic
moduli up to 5MPa and Poisson’s ratio up to 0.5 for
phantom ‘‘heel pad’’ strains below 30%). Silicone was
selected to represent plantar soft tissue because its
tangent moduli (�2.5MPa for 10% strain, and up to
�5MPa for 30% strain) were around the elastic
modulus value (of 1.5MPa) selected for the plantar
pad in our ‘‘simulated gait’’ validation studies of the
real-time FE modeling system (described in the previous
section). The external surfaces of this silicone foot were
reconstructed from a gypsum pattern of a young,
healthy adult male. Four ultra-thin flexible force sensors
(FlexiForce, Tekscan Co.) were placed within the
silicone material, just under the ‘‘calcaneus’’ of the
phantom skeleton, and were scaled to measure the
internal compression stress concentrations generated
under the calcaneus during load bearing. Another set of
force sensors was located superficially to measure the
interfacial forces and stresses under the phantom’s heel
(three sensors). We calculated stress as the measured

force divided by the effective sensing area of the
Flexiforce sensor (71.3mm2). The phantom was loaded
through its ‘‘distal tibia’’ by an Instron 5544 material
testing machine (Fig. 8). Our real-time FE model was set
at the same geometry of the heel of the phantom (same
bone radius of curvature ¼ 25mm and same plantar pad
thickness ¼ 15mm) and loaded with the same loads
measured using the Instron machine. Compressive
stresses measured in the sensors embedded in the silicon
heel pad of the phantom were compared with model
predictions for the same site, and percent difference was
obtained for the following heel pad strains: 12%, 18%,
24% and 30%. Results showed good agreement between
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Fig. 7. Effect of curvature radius (mm) of calcaneal surface on plantar pad von Mises stresses (left, in elements; right, interpolated) in sagittal cross-

sections. Radii are (a) 20mm, (b) 15mm and (c) 20mm with 20% more fascia tension due to higher arch. All calculations are for simulated gait data

of Fcl, Fmh and Fph (Nordin and Frankel, 1989).

Fig. 8. Foot phantom during Instron testing.
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measured and calculated plantar pad internal compres-
sive stresses (mean % difference ¼ �10%, standard
deviation of % differences ¼ �5%, Table 3). We
conclude that our real-time FE foot model is a valid
model for estimating the internal deformations and
stresses in the plantar pad of the weight-bearing foot,
and hence our model was employed for human studies
of foot loading during gait.

2.6. Human studies

In order to demonstrate the utility of our real-time FE
model of the foot in analysis of internal stresses in the
plantar pad of the foot during walking, we conducted
studies on a small group of subjects (N ¼ 4). Informed
consent was obtained from each subject before studies
were conducted. Body characteristics of subjects are
detailed in Table 4. A lateral X-ray of the weight-
bearing foot was obtained from each subject prior to
measurements, and all relevant geometrical dimensions
of the foot (Fig. 1, Table 1) were measured on a digital
scan of this X-ray. For this initial small-group study, all
measurements were focused on the calcaneal region and
heel pad which are best visualized on the (2D) X-ray.
Accordingly, we measured an elastic modulus of the heel
pad tissue E for each subject using spherical indentation.
Employing the spherical indentation solution again
involves the assumption that the heel pad tissue is a
homogenous isotropic linear-elastic material (Gefen et
al., 2001b) (Eq. (6)). Although the mechanical behavior
of the heel pad is nonlinear viscoelastic (Gefen et al.,

2001a), we consider this as a first approximation that
allows one to calculate heel pad deformations and
stresses in humans, in real time.

For indentation measurements, the foot that was
documented by X-ray (left or right) was placed on a
support at a neutral non-weight-bearing position and
the heel pad was indented using an indentor with a
radius of 5mm to a depth of 5mm, while the indentation
force was measured using a force transducer attached to
the indentor. An effective elastic modulus for the
heel pad was calculated from the measured indentation
depth and indentation force, according to the method
described in Gefen et al. (2001b, 2003). The heel pad
elastic moduli obtained for subjects are specified in
Table 4.

Each subject was asked to walk on a treadmill at a
speed of 2 km/h using the instrumented insoles con-
nected to the real-time FE foot model system. Subjects
wore their own shoes that are used for daily activity. We
measured ground reaction forces under the calcaneus
(Fcl), medial metatarsal heads (Fmh) and hallux (Fph),
and transferred the data in real time to our solver for
calculating tension in the plantar fascia (Eq. (4)) and,
subsequently, for calculating the 2D distributions of
deformations and stresses in the heel pad. Subjects
walked for 30 s to accommodate to the treadmill before
data acquisition began, and then ground reaction force
data were acquired for 1min. Data analysis was
conducted for one representative gait cycle captured
during that minute, in which all sensors adequately
measured ground reactions. For each subject we
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Table 3

Measured compressive stresses in the heel pad of the foot phantom compared with the calculated compressive stress results of the low-order heel pad

model

% Strain Elastic modulusa

(kPa)

Poisson ration Measured ground

reaction force under heel

of phantom (N)

Measured internal

stress in phantom

(kPa)

Calculated stress

from low-order

model (kPa)

% difference

12 2740 0.4 0.44 21 24.6 17%

18 3440 0.5 1.28 48 51 6.3%

24 4150 0.5 2.09 88 82 6.8%

30 4850 0.5 3.70 131 144 10%

aFor these measurements, the mechanical properties of the low-order heel pad model were taken from measurements conducted with the

phantom’s silicone specimen at strains ranging from 12% to 30%.

Table 4

Body characteristics of subjects who participated in the plantar pad stress studies

Parameter Subject #1 Subject #2 Subject #3 Subject #4

Body weight (kg) 65 55 90 98

Age (years) 37 60 26 36

Foot length (cm) 24.4 23 28 26

Calcaneus radius of curvature (mm) 15 15 11 15

Heel pad thickness (mm) 18 12 20 15

Elastic modulus of heel pad (kPa) 150 144 162 54
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obtained the evolution of the following parameters with
the gait cycle: deformation of the heel pad, internal
principal compressive strain, principal tensile strain,
principal compressive stress, principal tensile stress,
shear, von Mises stress and the dose of the von Mises
stress (integral of the von Mises stress over time).

3. Results

We were able to obtain the distributions of internal
deformations and stresses in the heel pad tissue of
human subjects during treadmill walking (Figs. 9–12).
For example, von Mises stress distributions during late
midstance in the heel pads of two subjects (#3,4; Table
4) are provided in Fig. 9. For our small group of subjects
(N ¼ 4, Table 4), we did not find visual correlation
between patterns of measured foot–shoe reaction forces
(Fcl, Fmh, Fph; Fig. 13) and patterns of (real-time FE)
calculated maximal deformations and stresses (Figs. 10,
11), which emphasizes the value of the proposed
method, i.e. internal plantar pad loading conditions
cannot be predicted from merely examining the inter-
facial loading on the plantar foot (Gefen and Linder-
Ganz, 2004). Moreover, if a subject showed one elevated
stress component such as compression, tension or shear,
this was not an indicator that other stress components of
that subject will also be elevated.

Internal heel pad deformations and stresses first
appear during initial heel contact, at 0–5% of the gait

cycle (compressive strain �10%, principal compressive
stress �50 kPa, principal tension stress �50 kPa, shear
�30 kPa), but increase by over an order of magnitude
from midstance, at about 30% gait cycle (Fig. 10). The
dramatic increase in heel pad loading from midstance is
due to plantar fascia elongation, which stretches the heel
pad in addition to compressive forces from the shoe
insole (Fig. 10). The heel pad is kept deformed and
stressed after heel rise, as the plantar fascia and Achilles
tendon complex continue to transfer tension to the heel
pad (Fig. 10). The range of peak heel pad internal
compression among subjects was 207–505 kPa, heel pad
internal peak tensile stress range was 614–932 kPa, and
internal shear peak range was 306–397 kPa (Table 5).
Peak heel pad deformation range was 12–39%, and the
one subject with lowest measured heel pad elastic
modulus (subject #4, Table 4) also had the greatest
peak heel pad deformation (�39%).

Von Mises stress doses delivered to the heel pad
during one stance phase generally showed similar wave
shapes (Fig. 12). As with deformations and stresses,
stress dose rises more rapidly after midstance occurs (at
�30% gait cycle, for subjects #1,2,4), again, due to
tension in the plantar fascia when the foot is flattened
under body weight (Gefen, 2003b). The rate of increase
in von Mises stress dose with evolution of the gait cycle
from the event of midstance was similar in all subjects
(Fig. 12).

We concluded that internal deformations and stresses
in the plantar pad during gait cannot be predicted from
merely measuring the foot–shoe force reactions, or only
from studying foot anatomical characteristics. Internal
loading of the plantar pad is constituted by a complex
interaction between the anatomical structure and
mechanical behavior of the foot skeleton and soft
tissues, the body characteristics, the gait pattern and
the footwear type.

4. Discussion

This study was aimed at developing a new method
and system for evaluating the loading conditions in deep
plantar soft tissues of individual subjects, in real time,
during the stance phase of gait. The approach used
herein integrates (i) insoles instrumented with force
sensors and connected to a real-time force data
acquisition system, (ii) a biomechanical model of the
whole foot and (iii) a custom-made real-time FE solver
of local plantar tissue deformations and stresses. After
careful verification of our custom-made FE solver and
hierarchial foot model system with respect to previous
literature and against experimental results from a
synthetic foot phantom, we conducted human studies
in which plantar soft tissue loading was evaluated in real
time during treadmill gait in a small group of healthy
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Fig. 9. Distribution of internal von Mises stresses in the heel pads of

two healthy individuals (top: subject #4; bottom subject #3), as

calculated in real time during late midstance, when maximal heel pad

deformation at midstance occurred.
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individuals (N ¼ 4, Table 4). The outcome parameters
from these studies were the time-dependent heel pad
tissue deformation, internal distributions and peaks of
principal stresses, von Mises stresses (Fig. 10), shear
stresses, and von Mises stress doses (Fig. 12). The
method presented herein is promising in providing new
parameters for the evaluation of foot and gait biome-
chanics in basic research applications. It also shows
potential for providing additional useful information for
clinicians, physical therapists, podiatrists and rehabilita-
tion practitioners in the diagnosis and prognosis of
patients in the clinical setting.

Results of human studies utilizing our real-time
subject-specific foot model can be compared with FE
models in the literature which analyzed ‘‘typical’’ foot
geometries to predict stress magnitudes and distribu-

tions in the plantar foot during the stance phase of gait
(in off-line analyses). The study of Jacob and Patil
(1999) utilized a 3D FE model of a simplified foot
geometry, which predicted heel pad compressive stresses
of 300–440 kPa during heel-strike and 160–210 kPa
during midstance in the normal foot. This agrees with
the subject studies herein in which compressive stresses
of 200–380 kPa during heel-strike and 170–480 kPa
during midstance were obtained (Fig. 10b). A second
study, by Gefen et al. (2000), specified the von Mises
stresses in the plantar pad during 6 discrete events of the
stance phase. At midstance, von Mises stresses of
300–600 kPa were found in the heel pad, similar to our
present findings in subjects (250–400 kPa). The Gefen et
al. (2000) model did not consider transfer of tension
from the plantar fascia to the heel pad during the late
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stance phase, and therefore its predictions of heel pad
von Mises stresses after heel rise (80–160 kPa) are
substantially lower than in the present study
(300–700 kPa). The most recent study in the literature,
by Spears et al. (2005), used an anatomically realistic CT
reconstruction of the foot to develop a 3D FE foot
model for studying heel pad stresses during barefoot
walking. The internal heel pad compressive stresses in
Spears et al. (2005) were 330–600 kPa before midstance
(foot inclination 2–61), which again overlaps with our
results. Heel pad strains in Spears et al. (2005), reported
to be �40%, also correspond to the present findings
(15–39%, Table 5). Taken together, these literature
reports indicate that the present measurements agree
with previous analyses of the heel pad internal
deformations and stresses, and thus further evidence is
provided that our real-time subject-specific FE model
and prototype are valid.

One limitation of the present real-time FE modeling
system is in assuming a linear-elastic plantar pad
material for the real-time stress–strain analyses. Since
the plantar pad is a highly nonlinear and viscoelastic
material (Gefen et al., 2001a), i.e., its stiffness is affected
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by both the magnitude of plantar pad deformation and
its rate, very slow gait (such as of physically impaired
individuals or the elderly) is expected to require
adjustment of the (presently linear-elastic) plantar
tissue stiffness. Incorporation of a non-linear, deforma-
tion-rate-dependent material model for the plantar
pad in our real-time FE modeling system is expected
to resolve this issue, and research is underway in our
laboratory to generalize the system in this aspect.
The present prototype system should therefore be
considered as a first, basic step toward generalizing the
real-time subject-specific stress–strain analyses for
the non-linear viscoelastic plantar pad case. A second
limitation relates to the modeling of plantar tissue
as one homogeneous material, thus ignoring the
layered anatomical structure of the plantar pad. Our
foot modeling system (particularly, the low-order model
of the plantar pad) and the FE solver support multiple
material analysis, so that skin, subcutaneous fat,
connective tissues and muscles can be incorporated into
the local real-time FE analyses of plantar pad regions.
However, since the mechanical properties of all
such layers should be specified prior to analysis so that
the individual subject’s tissue conditions are considered,
a measurement technique should be incorporated into
the protocol to obtain properties of each layer.
Ultrasound-based tissue elastography is one promising
direction to overcome this difficulty. Presently, indenta-
tion measurements were conducted, so that an effective
plantar pad elastic modulus was obtained. The ability
of the modeling system to consider multiple tissue
materials was therefore left unexploited at this stage.
Last, the present insole prototype was equipped with
three local force sensors; however, accuracy of predic-
tions of the internal deformation and stress distributions
in the plantar pad is expected to increase if more
detailed boundary conditions will be fed into the real-
time foot model. We therefore plan to improve our
prototype by using an array of force sensors embedded
in the insole under each region of interest in the plantar
pad.

The potential usefulness of the method and device
proposed herein may increase if tissue injury thresholds

will be coupled with the deformation and stress analyses.
This will allow to evaluate the risk of a subject to injure
his/her feet (e.g. overuse soft tissue injuries, or diabetic
foot ulcers) when internal tissue loading is analyzed. The
establishment of tissue injury thresholds requires com-
prehensive experimental studies, mostly in animal
models, to characterize the tolerance of different tissues
(normal and diseased, e.g. diabetic) to compressive,
tensile and shear strains and stresses (Linder-Ganz and
Gefen, 2004; Gefen et al., 2005).

In closure, real-time FE monitoring of internal
deformations and stresses in the plantar pad is highly
promising as a basic biomechanical tool for clinical
applications. Its particular usefulness is in identifying
elevated deformation/stress exposures in the plantar pad
which allows to protect feet susceptible to injury.
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Appendix A

Here we describe the derivation of the equations of
the high-order analytical foot model that is employed to
provide real-time plantar fascia tension force (Fpf).

From equilibrium of angular moments around point
‘‘A’’ (Fig. 1a):X

MA ¼ 0:

F cl cosðbÞDx
cl � F cl sinðbÞD

y
cl þ F acD

x
ac � FmhDx

mh

� F t cosðgÞDx
t � F t sinðgÞD

y
t � Fph cosðaÞDx

ph

þ Fph sinðaÞDy
ph þ

X
Ia ¼ 0. ðA:1Þ
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Table 5

Loading of the heel pad in human subjects during one representative stance phase of the gait cycle (N ¼ 4)

Parameter Subject #1 Subject #2 Subject #3 Subject #4

Maximal principal compressive stress (kPa) 269 207 505 375
Maximal principal tensile stress (kPa) 614 885 623 932
Maximal von Mises stress (kPa) 590 801 664 869
Maximal shear (kPa) 306 337 360 397
Maximal strain compression (%) 39 30 64 76
Maximal strain tension (%) 52 55 61 107
Deformation of heel pad of thickness (%) 15 12 18 39
von Mises dose in one gait cycle (Pa s/m2) 0.65 1.36 0.75 1.34
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Equilibrium in the vertical and horizontal directions
further yields thatX

F y ¼ 0:

FacþF cl cosðbÞþFmhþFph cosðaÞ � Ft cosðgÞ þmay ¼ 0,

ðA:2Þ

X
F x ¼ 0 :

� Fph sinðaÞ þ F cl sinðbÞ � F t sinðgÞ þmax ¼ 0. ðA:3Þ

Considering that the contribution of terms containing
moment of inertia of the foot segments was less than
0.5% with respect to the contribution of forces, we
neglect these terms for simplifying the geometrical
characterization of the foot and further calculations.
We isolate the term containing the ankle joint reaction
from Eq. (A.2):

F t cosðgÞ ¼ F ac þ F cl cosðbÞ þ Fmh þ Fph cosðaÞ.

(A.4)

Similarly, we isolate the term containing the ankle joint
reaction from Eq. (A.3):

F t sinðgÞ ¼ F cl sinðbÞ � Fph sinðaÞ. (A.5)

It is now possible to divide Eq. (A.4) by Eq. (A.5), in
order to determine the direction g of the force in the
tibio–talus joint:

tanðgÞ ¼
F cl sinðbÞ � Fph sinðaÞ

Fac þ F cl cosðbÞ þ Fmh þ Fph cosðaÞ
. (A.6)

Substituting the latter term for g (Eq. (A.6)) in Eqs.
(A.1) and (A.4), we obtain

F cl cosðbÞDx
cl � F cl sinðbÞD

y
cl þ FacD

x
ac � FmhDx

mh

� Fph cosðaÞDx
ph þ Fph sinðaÞDy

ph � ½Fac þ F cl cosðbÞ

þFmhþ Fph cosðaÞ�Dx
t � ½F cl sinðbÞ � Fph sinðaÞ�Dy

t ¼ 0.

ðA:7Þ

Rearranging terms

FacðD
x
ac �Dx

t Þ þ F cl cosðbÞ½Dx
cl �Dx

t � � F cl sinðbÞ½D
y
cl þD

y
t �

� Fmh½D
x
mh þDx

t � � Fph cosðaÞ½Dx
ph þDx

t �

þ Fph sinðaÞ½Dy
ph þD

y
t � ¼ 0, ðA:8Þ

and solving for the tension in the Achilles tendon, Fac:

F ac ¼

Fph cosðaÞ½Dx
ph þDx

t � � Fph sinðaÞ½Dy
ph þD

y
t � þ Fmh½D

x
mh þDx

t �

þF cl sinðbÞ½D
y
cl þD

y
t � � F cl cosðbÞ½Dx

cl �Dx
t �

ðDx
ac �Dx

t Þ
,

(A.9)

where

Dx
mh ¼ ð0:5Lc þ LmÞ cos am,

Dx
ph ¼ Dx

mh þ Lph cos a,

Dx
cl ¼ Lf � Lph � Lac �Dmh,

Dx
t ¼ Dx

cl þ Lac �W c,

Dx
ac ¼ Dx

cl þ Lac,

D
y
t ¼ Har �Hp,

D
y
ph ¼ Hp � Lph sin a,

D
y
cl ¼ Hp.

Now, since the Achilles tendon force (Fac) and the
orientation of the force vector in the tibio–talus joint (g)
are known, we can employ Eq. (A.4) to further solve the
force at the tibio–talus joint (Ft):

F t ¼
Fac þ F cl cos bþ Fmh þ Fph cos a

cos g
. (A.10)

We can now calculate the tensile force in the plantar
fascia (Fpf) and plantar ligament (Fl) using the free-body
diagrams shown in Fig. 14.

For the right side of the free-body diagram (Fig. 14a),X
M ¼ 0:

� F l cos dðHp �H lÞ � F l sin dDx1
L � FpfHp

þ FmhDx
m cosðaÞ � FmhDy

m sinðaÞ þ Fph cos aDx
ph

� Fph sin aD
y
ph ¼ 0. ðA:11Þ

Rearranging terms,

FpfHp ¼ � F l cos dðHp �H lÞ � F l sin dDx1
L þ FmhDx

m cosðaÞ

� FmhDy
m sinðaÞ þ Fph cos aDx

ph � Fph sin aD
y
ph.

ðA:12Þ

For the left side of the free-body diagram (Fig. 14b):X
M ¼ 0 :

� FacD
x
ac þ F t cos gDx

t þ F t sin alD
y
t þ FpfHp

þ F l cos dðHp � tan acLcaÞ � F l sin dDx2
l þ I ctāct

� F cl cos bDx
cl þ F cl sin bD

y
cl ¼ 0. ðA:13Þ

We substitute the term for FpfHp (Eq. (A.12)) within
Eq. (A.13) and obtain

F l cos dH2
l � F l sin dDx2

l � F l cos dH1
l � F l sin dDx1

l � FacD
x
ac

þ F t cos gDx
t þ F t sin gDy

t � F cl cos bDx
cl þ F cl sin bD

y
cl

þ FmhDx
m cosðaÞ � FmhDy

m sinðaÞ þ Fph cos aDx
ph � Fph sin aD

y
ph ¼ 0.

ðA:14Þ
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We solve for the force in the plantar ligament, Fl:

F l ¼

FacD
x
ac � F tðcos gDx

t þ sin gD
y
t Þ � FmhDx

mh cosðaÞ

þFmhD
y
mh sinðaÞ þ F clðcos bDx

cl � sin bD
y
clÞ

þFphðsin aD
y
ph � cos aDx

phÞ

cos dðH2
l �H1

l Þ

� sin dðDx2
l þDx1

l Þ

" # .

(A.15)

Using the ligament force Fl from Eq. (A.15) we can now
solve Eq. (A.13) for the tensile force in the plantar fascia Fpf:

Fpf ¼

Fmh½D
x
mh cosðaÞ �D

y
mh sinðaÞ� þ Fph cos aDph

þIphāph þ Imām � F l cos alðHp �H lÞ

Hp
,

(A.16)

where

H1
l ¼ Hp �H l;

H2
l ¼ Hp � tan acLca;

Dx1
l ¼ 0:5Lc cos am;

Dx2
l ¼ Lph � Lcil �Dx

mh:
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