
Abstract The primary objective of conservative care

for the diabetic foot is to protect the foot from exces-

sive pressures. Pressure reduction and redistribution

may be achieved by designing and fabricating orthotic

devices based on foot structure, tissue mechanics, and

external loads on the diabetic foot. The purpose of this

paper is to describe the process used for the develop-

ment of patient-specific mathematical models of the

second and third rays of the foot, their solution by the

finite element method, and their sensitivity to model

parameters and assumptions. We hypothesized that the

least complex model to capture the pressure distribu-

tion in the region of the metatarsal heads would

include the bony structure segmented as toe, metatar-

sal and support, with cartilage between the bones,

plantar fascia and soft tissue. To check the hypothesis,

several models were constructed with different levels

of details. The process of numerical simulation is

comprised of three constituent parts: model definition,

numerical solution and prediction. In this paper the

main considerations relating model selection and

computation of approximate solutions by the finite

element method are considered. The fit of forefoot

plantar pressures estimated using the FEA models and

those explicitly tested were good as evidenced by high

Pearson correlations (r = 0.70–0.98) and small bias and

dispersion. We concluded that incorporating bone

support, metatarsal and toes with linear material

properties, tendon and fascia with linear material

properties, soft tissue with nonlinear material proper-

ties, is sufficient for the determination of the pressure

distribution in the metatarsal head region in the push-

off position, both barefoot and with shoe and total

contact insert. Patient-specific examples are presented.
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1 Introduction

Persons with diabetes mellitus (DM) and peripheral

neuropathy are at high risk for developing neuropathic

ulcers on the plantar surface of their feet. Fifteen

percent of the 18.2 million individuals (2.7 million)

with diagnosed and undiagnosed DM will develop a
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foot ulcer during the course of their disease. The most

common cause for diabetic plantar ulcers is excessive

plantar pressures in the presence of sensory neuropa-

thy and foot deformity [1, 2]. Nearly 75% of all foot

ulcers occur beneath the metatarsal heads and are the

result of painless trauma caused by excessive plantar

pressures during normal walking [1].

The primary focus of conservative care for the dia-

betic foot is to protect the foot from excessive pres-

sures and other forms of unnoticed trauma that begin

the cascade of events leading to amputation [2]. Or-

thotic devices and therapeutic footwear are the pri-

mary means of protecting the foot from excessive

plantar pressures during walking and there is evidence

that therapeutic shoes can reduce the incidence of

ulceration in patients with DM [3, 4].

There are several reasons why most neuropathic

ulcers occur under the metatarsal heads [5–7], but the

two primary reasons appear to be forefoot structural

deformity and high pressures during the late stance

phase of walking [7, 8]. Hammertoe deformity is cor-

related with high forefoot pressures [9] and with fore-

foot ulcer and amputation [10]. Hammertoe deformity

appears to minimize the effect of the toes in distrib-

uting forefoot plantar pressures and concentrates

injurious forces under the metatarsal heads. In addi-

tion, push-off forces are greatest and the supporting

contact area is lowest (only forefoot in contact with the

ground) during the late stance phase of walking. For

these reasons, we are focusing our efforts on protecting

the forefoot during the late stance phase of walking,

when damaging stresses are at their highest.

The purposes of this paper are to describe the

process used to develop patient-specific modeling of

the second and third rays of the foot and their sensi-

tivity to model parameters and assumptions. Assurance

of reliability in numerical simulation requires a sys-

tematic process involving validation and verification.

The integrity of the numerical simulation process is

assured when the idealization errors due to the sim-

plifications incorporated into the mathematical model,

and the errors of discretization due to the numerical

approximation are sufficiently small to allow reliable

predictions of the data of interest. The initial formu-

lation of mathematical models is based on expert

opinion. Certain assumptions must be incorporated in

the model concerning geometric simplifications, mate-

rial properties and boundary conditions. The influence

of the assumptions on the data of interest requires a

systematic investigation by experimental and analytical

means. Based on the outcome of such investigations

the model may have to be revised. For this reason we

refer to mathematical models as working models.

In this paper a sequence of working models of

increasing complexity are examined with reference to

the quality of prediction of the pressure distribution in

the region of the metatarsal heads (validation). Based

on the results of other investigators [11, 12, 15] and our

own preliminary modeling work, we hypothesized that

the least complex model to capture the pressure dis-

tribution in the region of the metatarsal heads would

include the bony structure segmented as toe, metatar-

sal and support, with cartilage between the bones,

plantar fascia, the long flexor tendon and soft tissue

envelope. To test the hypothesis, several models were

constructed with different levels of details as described

in the next section.

2 Methods

The numerical solution was obtained by the finite

element method subdividing the solution domain into

elements and assigning polynomial degrees (p-level) to

the approximating elemental shape functions that de-

scribe the displacement components within each ele-

ment. Since the accuracy of the data of interest

computed by the FEM depends on the mesh and the p-

level, there is an error of discretization associated with

the finite element solution. We controlled the error of

discretization (verification) by keeping the mesh fixed

and increasing the polynomial degree of elements in a

process called p-extension, and referred to as the p-

version of the finite element method [18].

2.1 Construction of the working models

The 3D structure of the foot was determined for each

subject (n = 6, 5 subjects with DM, peripheral neu-

ropathy, and a history of plantar ulcer; 1 control sub-

ject) using data from spiral X-ray computed

tomography (SXCT) [19]. The SXCT scans where

performed with the subject seated in a loading device

and applying load to their forefoot. Two load cases

were considered, an initial pre-load of about 10% of

body weight (to pre-stress the tissues and provide a

repeatable initial condition for all subjects) and a final

load of 50% of body weight. A 50% body load was

chosen during pilot testing because subjects could

reasonably apply this load while sitting and the

resulting pressure distribution was similar to the instant

of peak pressure which occurs at approximately 80% of

the gait cycle [20, 21]. Boundary coordinates were

extracted from the CT data using the Analyze

(Biomedical Imaging Resource at Mayo Clinic,
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Rochester, MN) software system [22]. The pressure

distribution was measured each time using the F-scan

system (Tekscan, South Boston, MA). The F-scan

system provides plantar pressure and force measure-

ments of the feet with a spatial resolution of four

sensors/cm2 and a sampling frequency of 50 Hz. The

reusable sensor is very thin (0.18 mm) and held in

place with tape and a thin sock [23]. The system dis-

plays and records plantar pressures and forces during

the CT scanning. The mapping of the metatarsal head

location to the pressure sensor was performed using

three lead fiducial markers according to the procedures

described elsewhere [24].

We considered 2D segmentations through the sec-

ond and third metatarsal rays of each subject for the

pre-load condition. Individual 2D models in the sagittal

plane were developed for metatarsals 2 and 3 using the

p-version FEA program StressCheck (Engineering

Software Research & Development, Inc., St. Louis,

MO) and the complexity of the model was increased

hierarchically, until the data of interest (the pressure

distribution) was no longer affected by the restrictive

assumptions incorporated in the simpler models.

The structure of the foot was characterized by bone,

cartilage, flexor tendon, fascia and tissue. The material

properties for the bones were assumed to be linearly

elastic [14] and the bones of the toes were either seg-

mented or the three phalanges fused together to assess

their influence in the plantar pressure distribution in

the region of the metatarsal heads. Cartilage with lin-

ear elastic material properties [25] was included be-

tween bones to simulate the flexibility of the

connection between bony structures. Muscles and fat

were grouped into a single material type (tissue) with

nonlinear elastic properties. Fascia and flexor tendon

were also incorporated into the model and the prop-

erties were assumed to be linearly elastic with material

coefficients obtained from the literature [11, 22, 27]

and shown in Table 1. The Poisson’s ratio of the fascia

was set to zero to make it behave as a tension member

only, minimizing the interaction due to lateral

contraction with the tissue close to the region of the

metatarsal heads.

Patient-specific soft tissue material properties were

obtained using an indentor fitted with an ultrasound

probe and a load cell [28, 33]. Briefly, the load-dis-

placement curve under the metatarsal head was re-

corded with the indentor device. A local axisymmetric

problem was solved using the FEM changing the

material coefficients of an isotropic exponential mate-

rial stress–strain law until the load-displacement data

matched the experimental data. The model consisted

of a circular disc with a thickness equal to the one

measured during the indentation and a diameter equal

to five times the thickness, rigidly supported at the base

to simulate the presence of the bone. The isotropic

exponential material used for the analysis is charac-

terized by a strain energy density function [29] of the

form:

W ¼WLe2CWL ð1Þ

WL ¼
1

2
ef gT D½ � ef g ð2Þ

where W is the strain energy density, WL is the linear

strain energy density, C is a constant (units of MPa–1 or

equivalent), e is the base of the natural logarithm, [D]

is the linear material stiffness matrix and {�} is the

strain tensor. This strain energy density function de-

pends on three parameters: the constant C, E (slope of

the 1D stress–strain curve at � = 0) and m (Poisson’s

ratio). The stress components were obtained by dif-

ferentiation of the strain energy density function.

rf g ¼ @W

@ ef g ¼ 1þ 2CWLð Þe2CWL D½ � ef g ð3Þ

This relation was used in the nonlinear iteration

procedure to compute the element stiffness matrices.

Typical values for the material coefficients are

E = 0.30 MPa, C = 60 MPa–1, m = 0.45.

Figure 1 shows the section taken through the second

metatarsal of the foot in the push-off position of a

63-year-old male, with 7 years duration of DM and a

history of a plantar ulcer. The segmentation of the foot

shows the most complex model considered for the

analysis with the support (tibia, talus, calcaneus,

navicular and cuneiform) combined into a single bone.

The metatarsal and the three phalanges of the

corresponding toe were included as well as the carti-

lage between bone structures. The flexor tendon,

extending from the distal phalanx to the distal end of

the calcaneus and the fascia extending from the prox-

imal phalanx to the proximal end of the calcaneus,

were also included. Simpler models were constructed

by removing the cartilage between phalanges, or by not

including the fascia or the flexor tendon in the model in

various combinations. The load P representing a

Table 1 Modulus of elasticity (E) and Poisson’s ratio (m) for
linear elastic materials

Bone Cartilage Tendon Fascia

E (MPa) 7,300 5 and 10 15 85
m (–) 0.3 0.1 0.1 0.0
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percentage of the measured load during the CT-scan,

plus a moment representing the compensating effect of

the Achilles tendon (not included in the model) was

applied to the support as shown in Fig. 1. The magni-

tude of the moment was selected such that the resul-

tant of the load passed through the metatarsal head.

The exact location of the position of the resultant was

determined from the F-scan data of each subject as the

centroid of the resultant pressure distribution in the

region of contact. Using a thermal load to impose a

uniform contraction, the flexor tendon was pre-stressed

to 35 N to represent typical values found in the liter-

ature for the Flexor Digitorum Longus during push-off

[31]. The lower section of the foot was supported with a

compression-only elastic foundation (no friction) with

an elastic constant selected to represent the stiffness of

the support plate in the loading device.

2.2 Hierarchic modeling

The influence of various modeling considerations in

the pressure distribution under the second and third

metatarsal heads was investigated. The most complex

model consisted of a 2D-section through the second or

third metatarsal and incorporated a segmented toe,

tendon and fascia as shown in Fig. 2a. Simpler models

considered a single toe in which the cartilage between

the phalanges of the toe were eliminated and replaced

with bone (Fig. 2b), removing the fascia with and

without toe segmentation (Fig. 2c, e), and removing

the tendon and fascia (Fig. 2d, f). Plane strain condi-

tions were assumed.

In all cases the numerical solution of the working

model was obtained by increasing the polynomial de-

gree of elements (p-level) on a fixed mesh. The mesh

was constructed from the SXCT data obtained for the

pre-load condition, and the mesh density was selected

to capture the topological complexity of the model.

First, a sequence of linear solutions was obtained for p-

levels ranging from 1 to 8 and for a small initial load.

The global error of each solution was estimated by

computing the relative error in energy norm [18] and a

nonlinear solution was initiated starting from a linear

solution with a small discretization error (under 5%).

The load was incremented to its final value during the

nonlinear analysis. The nonlinear solution was re-

peated two more times starting from a different linear

solution each time to estimate the discretization error

in the pressure distribution in the region of interest.

2.3 Modeling shoe wear

Figure 3 shows a section through the second ray

obtained using SXCT in the pre-load condition. The

foot is inside the shoe and a total contact insert is

bonded to the insole. The material properties for the

shoe sole (rubber) and TCI (made from a base of

1.27 cm (1/2 in.) #2 plastizote with a shore value of

approximately 35 and heightened to include the medial

longitudinal arch fabricated to fit inside the shoe) were

obtained by compression testing of samples taken from

the shoe and insert. Nonlinear material properties were

specified for both the TCI and sole in the FEA

description of the working model shown. For the TCI,

a 5-parameter nonlinear material description was used,

characterized by the slope of the initial linear portion

(E), the Poisson’s ratio (v), the strain at the end of the

linear range (�1), the slope of a second linear region

(Et), the starting point on the second linear part of the

stress–strain relationship given by the strain (�2) and

the corresponding stress (r2). The stress–strain law is

linear for strains less than �1 and for strains greater

than �2. The two linear segments are joined by a cubic

spline. For the #2 plastizote the following values were

determined: E = 1.75 MPa, Et = 0.0175 MPa,

�1 = 0.046, �2 = 0.2, r2 = 0.105 MPa, v = 0.2. For the

shoe sole, the strain energy density function given by

Eq. (1) was used with values: E = 1.25 MPa,

C = 25 MPa–1, m = 0.45.

The SXCT scan was taken while the individual

was applying a load equivalent to 10% of the body

weight (440 N). The model of the 2nd ray was

loaded with 75 N (the same value as used for the
Fig. 1 Segmentation for the most complex model considered for
analysis
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barefoot condition). The elements representing the

sole of the shoe were directly connected to those

representing the TCI, and frictionless contact condi-

tion was specified between the foot and the TCI and

between the sole and the board. The numerical

solution was obtained as described before: a contact

analysis for a fixed mesh with increasing p-level to

ascertain the global error, followed by a nonlinear

analysis to incorporate the effects of material non-

linearities and subsequent modification of the

contact.

2.4 Statistical analysis

The results of modeling were compared to empirical

values using three analytic measures. The tendency of

modeled and empirical values to vary together was

measured by calculating Pearson correlation coeffi-

cients. As correlation can be unaffected by systematic

errors [34], we also calculated bias and dispersion

(mean and SD of the difference: F-scan–FEA) to

validate the model.

3 Results

To illustrate the variations in foot structure of the

subject population analyzed, Fig. 4 shows second ray

segmentations for six different subjects extracted from

the CT-scan in the barefoot condition. The total body

weight and the duration of DM are indicated for each

subject in years. Case labeled C is a control (no history

of diabetes). All of these cases were analyzed and the

results for subjects 1 and 2 barefoot are presented in

detail to illustrate the hierarchic modeling strategy for

validating the working model. The results for case 3

barefoot and with shoe plus a total contact insert (TCI)

are also presented.

3.1 Results for subject 1–second ray

The maximum load applied to the second ray of subject

1 was 90 N or 19% of the total foot load (475 N or 50%

of body weight). The maximum load was determined

based on the resultant of the pressure distribution

along the second ray obtained from the F-scan system,

Fig. 2 Hierarchic modeling:
subject #1, 2nd ray barefoot

Fig. 3 Pressure distribution
for subject #3–second ray.
Comparison between
barefoot and footwear and
between FEA and F-scan,
including correlation (r), bias
(Dmean) and dispersion
(DSD)
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and is consistent with values reported by Gefen [30].

Verification was performed for the model including

tendon, fascia, cartilages and toe segmentation (full

model in Fig. 2a) utilizing the mesh shown in Fig. 5,

consisting of 381 geometric-mapped elements (256

quadrilaterals and 125 triangles). A sequence of linear

solutions was obtained by p-extension (709–23,929

DOF) for an initial load of 20 N. The estimated rela-

tive error in energy norm was less than 5% for runs

(p-level) greater than or equal to 5. A nonlinear solu-

tion was initiated from the linear run 6 (13,631 DOF),

and repeated for runs 7 (18,399 DOF) and 8 (23,929

DOF). The load was increased in 5 N increments up to

90 N. The pressure distribution in the region under the

metatarsal head for the three nonlinear solutions is

shown in Fig. 5. The pressure (MPa) along the contact

region under the metatarsal head is practically inde-

pendent of the DOF, clearly indicating that the solu-

tions meet necessary conditions for convergence.

Figure 6 shows the correlation between the

measured (F-scan) and computed (FEA) pressure

distribution (kPa) in a region 15 mm proximal and

20 mm distal from the center of the metatarsal head.

Because the F-scan sensor averages the pressure over a

5 mm sensor cell, the FEA results shown in the figure

are the average pressure over segments of 5 mm in

length (note that the actual pressure distribution from

the FEA is shown in Fig. 5). The correspondence be-

tween the two sets of values is very good, thus indi-

cating that the working model meets necessary

conditions for acceptance.

The influence of modeling considerations on the

pressure distribution for each one of the six hierarchic

models is shown in Fig. 7. The computed (FEA)

pressure distribution for each model is compared with

the measured (F-scan) pressure distribution for each

case.

The pressure distribution for the full model is very

close to that obtained with the F-scan system. The re-

moval of the cartilage between phalanges (single toe)

has a small effect in the results. For all other models

the effect on the pressure distribution is much more

Fig. 4 Foot segmentation:
second ray sagittal plane for
six subjects, barefoot (W
subject weight in Newtons,
DM years with diabetes
mellitus)

Fig. 5 Pressure distribution
for subject #1–second ray.
FEA results for three runs

658 Med Bio Eng Comput (2006) 44:653–663

123



noticeable. These results suggest that the simpler

model for capturing the pressure distribution in the

region under the metatarsal head must include the

flexor tendon and the cartilage connections at both

ends of the metatarsal and the fascia, while the toe

segmentation could be ignored.

3.2 Results for subject 2—third ray

A similar numerical analysis was performed for seg-

mentation through the third metatarsal of subject 2.

The mesh consisted of 284 elements (185 quadrilaterals

and 99 triangles), and the estimated relative error in

energy norm for the initial linear solution was less than

5% for p-level greater than or equal to 6. A nonlinear

solution was initiated from linear runs 6, 7 and 8, with

the load incremented from the initial value of 20 N to

its final value of 50 N in 5 N increments. Excellent

convergence of the pressure distribution under the

metatarsal head was observed in this case as well,

indicating that the discretization error in terms of the

quantity of interest meets the necessary conditions for

acceptance.

The pressure distribution (kPa) in a region 10 mm

proximal and 15 mm distal from the center of the

metatarsal head for each model of the hierarchy, is

compared with the one obtained with the F-scan sys-

tem as shown in Fig. 8. These results illustrate that the

pressure distribution for the full model is very similar

to the F-scan measurements and that the removal of

the cartilage between phalanges (single toe), or the

fascia (no fascia) or cartilages plus fascia (single

toe + no fascia) have a small effect on the results.

When only the flexor tendon (no tendon) or tendon

and fascia (no tendon + no fascia) are removed from

the model, the effect on the pressure distribution is

much more noticeable.

The results obtained for these two subjects suggest

that the full model (cartilage + toe segmenta-

tion + tendon + fascia) produce the best results in

terms of the pressure distribution. A simpler model for

capturing the pressure distribution in the region under

the metatarsal head must include the flexor tendon, the

Fig. 6 Pressure distribution for subject #1–second ray. Compar-
ison between FEA results and F-scan measurements, including
correlation (r), bias (Dmean) and dispersion (DSD)

Fig. 7 Pressure distribution for subject #1–second ray. Comparison between FEA results and F-scan measurements for all hierarchic
models, including correlation (r), bias (Dmean) and dispersion (DSD)
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fascia and the cartilage connections at both ends of the

metatarsal, while the toe segmentation can be ignored.

The same situation was found when analyzing the

other subjects shown in Fig. 4 and the results for the

full model are summarized in Table 2.

3.3 Selection of material coefficients

The coefficients to characterize the material properties

for tissues other than soft tissue were obtained from

the literature. To assess the influence of the selected

values on the results we performed sensitivity studies

of their effect in the pressure distribution under the

metatarsal head. Utilizing the full working model, and

performing the control of the errors of discretization

outlined above, the influence of the effect of the

modulus of elasticity of bone, cartilage, fascia and

tendon was examined for the segmentation through the

second metatarsal of subject 1.

For bone, three values of the modulus of elasticity

were considered: E = 7,300 MPa as used in this work

and by Gefen [14] and Jacob [25, 31]; E = 250 MPa as

used by D’Andrea [32] and E = 10,000 MPa as used by

Lemmon [12]. The pressure distribution in a region

15 mm proximal and 20 mm distal from the center of

the metatarsal head was obtained for each case and the

quality of fit computed as explained before. The

pressure distributions for E = 7,300 MPa and

E = 10,000 MPa are practically the same, and small

variation is observed for E = 250 MPa. The quality of

fit for all three cases considered is shown in Table 3.

For cartilage, the following values of the modulus

of elasticity were used: E = 1.0 MPa at all locations

as used by Gefen [14], E = 5.0 MPa for the meta-

tarsal-calcaneus (Emc) cartilage and E = 10 MPa for

the metatarsal-phalanx (Eph) cartilage as used in this

work and E = 10 MPa at all locations as used by

Jacob [25, 31]. The correspondence between empiri-

cal and modeled values for the pressure distribution

in a region 15 mm proximal and 20 mm distal from

the center of the metatarsal head is shown in

Table 3. When Emc = 5.0 MPa and Eph = 10 MPa

(Fig. 7) the correspondence is practically the same as

when Emc = Eph = 5 MPa. When Emc = Eph = 10 MPa

the correspondence is reduced slightly, and it is

reduced some more for Emc = Eph = 1 MPa.

For fascia, the values of modulus of elasticity used

for the sensitivity study were: Ef = 85 MPa as used in

this work and reported by Gefen in [27], a smaller

value Ef = 50 MPa and a larger value Ef = 120 MPa.

The effect of Ef in the pressure distribution is negligi-

ble in the range of values considered as shown in

Table 3.

For tendon, the value of the modulus of elasticity

used in our work was Et = 15 MPa and for the sensi-

tivity study a smaller value Et = 5 MPa and a larger

value Et = 30 MPa were considered. The correlation,

bias and dispersion values are shown in Table 3.

Fig. 8 Pressure distribution for subject #2–third ray. Comparison between FEA results and F-scan measurements for all hierarchic
models, including correlation (r), bias (Dmean) and dispersion (DSD)
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The sensitivity study shows that large variation in

the modulus of elasticity of bone has a very small

influence on the pressure distribution, and as expected,

the change in the modulus of cartilage has a stronger

influence on the results than the change in the modulus

of bone. A change in the modulus of elasticity of fascia

by a factor of three and in the tendon by a factor of five

has very little influence on the results.

3.4 Effect of footwear

The effect of footwear on the pressure distribution in

the forefoot region is examined in this section. Figure 3

shows the pressure distribution in the forefoot region

along a sagittal plane through the second metatarsal

for subject 3 measured by the F-scan system as the

subject was applying a load of 50% body weight while

positioned in the loading device described earlier. The

effect of shoe and total contact insert (TCI) in reducing

the peak plantar pressure under the metatarsal head is

very clear. The maximum pressure drops from 279 kPa

in the barefoot condition to 151 kPa with shoe and

TCI.

The result of the numerical analysis for shoe and

TCI on the pressure distribution (kPa) in a region

25 mm proximal and 30 mm distal from the center of

the metatarsal head is shown in Fig. 3. For comparison

purposes, the graph also shows the pressure distribu-

tion for the barefoot condition obtained from FEA and

the F-scan system. The pressure distribution obtained

from FEA is similar to the one obtained from the F-

scan system for both conditions and, most importantly,

the predicted reduction of the peak plantar pressure is

the same as the measured value.

4 Discussion

The term ‘‘finite element modeling’’, frequently used

in connection with numerical simulation, refers to two

fundamentally different concepts: one is model defini-

tion; the other is the choice of the finite element

method for obtaining an approximate solution. Model

definition involves a set of decisions that are indepen-

dent of the method used for obtaining the numerical

solution. The choice of a working model depends on

physical considerations and the goals of computations.

In this paper the main considerations relating model

selection and computation of approximate solutions by

the finite element method were considered.

Towards these goals, we utilized a systematic pro-

cedure to verify and validate a working model of the

foot in the push-off portion of walking. Consistent with

our hypotheses, these results indicate that incorporat-

ing bone support, metatarsal and toes with linear

material properties, tendon and fascia with linear

material properties, soft tissue with nonlinear material

properties, is sufficient for the determination of the

pressure distribution in the metatarsal head region in

the push-off position, both barefoot and with shoe and

TCI.

The validation of the working model was performed

after the errors associated with the numerical solution,

that is the discretization errors, were within allowable

tolerance (verification). Without control of the errors

of discretization it is not possible to validate the

working model. A large number of papers have been

published with results of finite element analyses of the

foot, both in 2D [11–13, 30, 35] and 3D [14–17, 31].

Research by other investigators included a partial

2D model of a sagittal section including the second

metatarsal and plantar and dorsal soft tissue [12, 35]

and proximal phalanx and tendon [13]; 2D models of

Table 3 Effect of material coefficients of bone, cartilage, fascia
and tendon in the pressure distribution under the 2nd metatarsal
head of subject #1

Bone Cartilage Fascia Tendon

E (MPa) 250 1.0 50 5
r 0.98 0.91 0.98 0.95
Dmean 1.0 3.1 0.9 1.5
DSD 31.0 74.2 27.4 46.7
E (MPa) 7,300 5.0 85 15
r 0.98 0.99 0.98 0.98
Dmean 1.9 –1.5 1.9 1.9
DSD 31.0 28.4 31.0 31.0
E (MPa) 10,000 10 120 30
r 0.98 0.96 0.98 0.98
Dmean 1.9 –5.3 2.4 3.8
DSD 31.0 42.7 34.1 30.5

Correlation (r), bias (Dmean in kPa) and dispersion (DSD in kPa)
for different values of the modulus of elasticity (E)

Table 2 Correlation (r), bias (Dmean in kPa) and dispersion
(DSD in kPa) for all subjects

Subject Second ray Third ray

r Dmean DSD r Dmean DSD

1 0.98 1.9 31.0 0.70 –38.1 150.9
2 0.90 18.9 91.9 0.96 –3.8 21.3
3 0.83 7.0 49.0 0.89 –27.2 34.1
4 0.87 –26.9 92.7 0.85 25.0 51.3
5 0.97 –14.2 38.9 0.90 –0.30 54.8
C 0.82 –20.7 26.4 0.95 –14.8 36.7

Results for full model of second and third rays
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five plantar sections including bones, ligaments, carti-

lages, plantar fascia and fat pad in the standing position

[11, 30]; a two-arch 3D model of the foot in the push-

off stance including bones, cartilage, ligaments and

plantar soft tissue [15, 31]; a 3D model of the foot and

ankle in the standing position including bones, carti-

lages, ligaments and plantar fascia [17]. The main dif-

ferentiating characteristic of our work is that the issues

of model verification and validation were addressed in

a systematic way, giving clear indication of the influ-

ence of model parameters in the results and how the

errors of discretization were estimated and controlled.

Given that the goal is to make recommendations

concerning the design of patient-specific orthotic de-

vices, application of expert knowledge is involved.

Experience and intuition are important elements of

expert knowledge; however reliance on experience and

intuition in the case of complicated systems is inade-

quate. Expert knowledge must be guided by numerical

simulation and physical experimentation, the purpose

of which is to reduce uncertainties and evaluate the

effects of assumptions incorporated in the working

model on the data of interest.

Traditionally, orthotic devices have been designed

based on intuition and clinical experiences. Reduction

of the incidence of skin breakdown and subsequent

amputation may be enhanced by designing and fabri-

cating orthotic devices based on computational models

that include the foot structure, tissue mechanics, and

external loads on the diabetic foot. A validated com-

putational model can be used to investigate a large

number of orthotic components with various shape,

size, and material properties to distribute pressures

evenly on the plantar foot before explicit patient test-

ing of the optimal components.

It has also been suggested that the process of dia-

betic foot injury is likely to initiate not in the skin

surface but in deeper tissue layers [11]. Abnormally

altered mechanical behavior of the plantar pad is

manifested in abnormal plantar pressures, as well as

deep tissue deformations, but only plantar pressures

can be measured directly. A validated numerical

model, such as presented here, is one tool which may

be useful towards understanding the mechanism of

plantar ulcer formation and provide new insight into

ways of preventing them.

The value of the 2D studies and other assumptions

described in this paper must be understood in this

light. Under the restrictive assumptions of 2D rep-

resentation, which is clearly inadequate for reliable

modeling of the complicated mechanical interaction

among the bones, cartilage, tendon, muscle and fat in

the foot, and the interaction between the foot and

the shoe, it is nevertheless possible to evaluate their

relative influence on the pressure distribution in the

neighborhood of the metatarsal head. Therefore the

2D computations serve to provide useful information

for the development of a reliable fully 3D model,

which is one of the important goals of research in

biomechanics. Furthermore, the models used in this

study did not consider dynamic or horizontal (shear)

surface pressures. These considerations are beyond

the scope of current technical capabilities, but should

be included in future work as technologies to mea-

sure them continue to develop. Despite these limi-

tations, agreements between estimated and measured

plantar pressures were good.

In conclusion, our research indicated that incorpo-

rating bone support, metatarsal and toes with linear

material properties, tendon and fascia with linear

material properties, soft tissue with nonlinear material

properties, is sufficient for the determination of the

pressure distribution in the metatarsal head region in

the push-off position, both barefoot and with shoe and

TCI.
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