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Abstract

There is evidence that appropriate footwear is an important factor in the prevention of foot pain in
otherwise healthy people or foot ulcers in people with diabetes and peripheral neuropathy. A standard
care for reducing forefoot plantar pressure is the utilization of orthotic devices such as total contact
inserts (TCI) with therapeutic footwear. Most neuropathic ulcers occur under the metatarsal heads,
and foot deformity combined with high localized plantar pressure, appear to be the most significant
factors contributing to these ulcers. In this study, patient-specific finite element models of the second
ray of the foot were developed to study the influence of TCI design on peak plantar pressure (PPP)
under the metatarsal heads. A typical full contact insert was modified based on the results of finite
element analyses, by inserting 4 mm diameter cylindrical plugs of softer material in the regions of
high pressure. Validation of the numerical model was addressed by comparing the numerical results
obtained by the finite element method with measured pressure distribution in the region of the
metatarsal heads for a shoe and TCI condition. Two subjects, one with a history of forefoot pain and
one with diabetes and peripheral neuropathy, were tested in the laboratory while wearing therapeutic
shoes and customized inserts. The study showed that customized inserts with softer plugs distributed
throughout the regions of high plantar pressure reduced the PPP over that of the TCI alone. This
supports the outcome as predicted by the numerical model, without causing edge effects as reported
by other investigators using different plug designs, and provides a greater degree of flexibility for
customizing orthotic devices than current practice allows.
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Introduction

High peak plantar pressures (PPP) during walking can contribute to painfal forefoot syndromes
(i.e., metatarsalgia) in otherwise healthy people, and to skin breakdown in people with diabetes
and peripheral neuropathy. Peripheral neuropathy is a common underlying cause of foot ulcers
in patients with diabetes because the lack of painful feedback allows unnoticed repetitive tissue
injury to occur [1]. During walking, normal and shear stresses develop which may lead to
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serious damage in the neuropathic foot. Normal stresses originate by the repetitive vertical
pressure on the foot while shear stresses occur when deep tissue slides under superficial tissue.
It is currently accepted that reduction of abnormally high PPP during walking helps in the
prevention and treatment of neuropathic ulcerations [2,3]. In this research study, total contact
inserts (TCI) were used as the offloading mechanism because multiple studies have shown that
the addition of a TCI can reduce PPP 16—48% under the metatarsal heads [4-8) compared to
therapeutic footwear alone. The primary goal of the insert is to redistribute the plantar pressure
from one specific location to a broader area [4,5].

A number of investigators have used finite element analysis to help design orthotic devices
with the goal of reducing PPP. Research by other investigators include a partial 2D-model of
the 2" metatarsal region of the foot to study the effect on plantar pressure due to changes in
insole and tissue thickness [9]; a 3D-model of the standing foot to study the effect of flat and
conforming insole of different materials in the plantar pressure distribution [10,11]; a 2D-
model of the heel region of the foot to study the effect that shape, material properties and
thickness of the insole have on PPP [12]; a similar partial model of the 2"4 metatarsal described
by Lemmon et al. [9] to investigate the effect of softer single plugs of different shapes
penetrating the complete thickness of the shoe midsole [13].

Given the proven effectiveness of the TCI design and the previous finite element model
predictions, the aim of this study was to investigate various design modifications to further
reduce the PPP beyond that of the standard TCI and single plug design. Numerical studies
using our previously validated model [14] were performed to determine the influence of
different TCI design configurations on the pressure distribution and peak pressure under the
second metatarsal head during simulated push-off stance. We hypothesized that multiple small
soft plugs placed under the metatarsal heads at the location of highest pressure would reduce
these localized high PPP equivalent to a large single plug of material, with the added advantage
of providing extra flexibility in TCI customization. The design of the TCI was changed by
incorporating plugs of softer material in the regions of peak pressure and the numerical analysis
repeated to determine the new pressure distributions. The design with the lowest peak pressure
was determined numerically and prototype TCI inserts were manufactured to replicate this
design. Their efficacy was tested using two subjects with high localized forefoot pressures to
ascertain if the experimental observations were consistent with the numerical predictions.

Numerical simulation

The structure of the right foot used for the finite element model was generated from Spiral X-
ray Computed Tomography (SXCT) image data [15] acquired while the subject was seated in
a loading device and applying a load of 50% of body weight to the forefoot as described in
detail elsewhere [14,16]. Briefly, the boundary coordinates were extracted from the SXCT data
using the Analyze software system [17] and the pressure distribution was measured using the
F-Scan system (Tekscan, South Boston, MA) with the pressure sensor taped to the plantar
aspect of the subject's foot. The structure of the foot was characterized by bone, cartilage, flexor
tendon, fascia and tissue. Figure 1 shows the individual two-dimensional models in the sagittal
plane as developed for metatarsal 2 in the simulated push-off position using the finite element
analysis program StressCheck (Engineering Software Research & Development, Inc., St.
Louis, MO). Linear elastic material properties were used for bones E = 7300 MPa [18], cartilage
E = 10 MPa [19], flexor tendon E = 15 MPa [20-22], and fascia E = 85 MPa [22]. Muscle and
fat were grouped into a single material type (tissue) with nonlinear elastic properties
characterized by a strain energy density function as reported in [14]:
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L2 (1)

where W is the strain energy density, W|_is the linear strain energy, C is a constant, e is te base
of the natural logarithm, [D] is the linear stiffness matrix and {&} is the strain tensor. This strain
energy density function depends on three parameters: E (slope of the one-dimensionai stress-
strain curve at €=0), v (Poisson's ratio), and C (constant with units of length?/force). The values
used for the material coefficients were E=0.30 MPa, C=60 MPa 1, v =0.45 as reported in
[14]. Nonlinear material properties were specified for the standard TCI (#2 plastizote), the
softer plugs (Poron) and shoe sole (rubber). The material properties for rubber and plastizote
were obtained by compression testing of samples taken from the shoe sole and insert [14]
utilizing an Instron testing machine (Wilson Instruments, Canton, MA) and following the
procedures described in the ASTM standard D575-91, while those of the Poron were obtained
from the literature [13]. For the TCI and plugs, 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 (e;) and the
corresponding stress (o). The stress-strain law is linear for strains less than g; and for strains
greater than €. The two linear segments are joined by a cubic spline. The following values
were used for the #2 plastizote: E=1.75 MPa, Et=0.0175 MPa, £;=0.046, £,=0.2, 6,=0.105
MPa, v=0.2, and Poron: E=0.80 MPa, Et=0.13 MPa, £,=0.031, £,=0.1, 6,=0.05 MPa, v=0.3.
The corresponding stress-strain curves are shown in Figure 2. Testing was conducted to 0.30
strain because greater strains in the shoe insole or total contact insert (plastizote) were not
observed during the unloaded to loaded CT scans. In addition, we did not test the plastizote
greater than 30% deformation because greater strain would result in permanent deformation.
For the shoe sole, the strain energy density function given by equation (1) was used with values:
E=1.25 MPa, C=25 MPa 1, v =0.45.

A compression load was applied to the tibia and a moment was added to incorporate the
compensating effect of the Achilles tendon (not included in the model). The flexor tendon was
pre-stressed to represent typical values found in the literature for the Flexor Digitorum Longus
during push-off [23].

The finite element mesh density was selected to capture the topological complexity of the
model and frictionless contact condition was specified between the foot and the TCI. The
elements representing the TCI were directly connected to those representing the sole of the
shoe. The shoe 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.
Plane strain conditions were assumed.

The numerical solution was obtained by increasing the polynomial degree of elements (p-level)
on a fixed mesh. A sequence of contact solutions was obtained for several p-levels until the
estimated relative error in energy norm [24] was small (under 2%), followed by a nonlinear
analysis to incorporate the effects of material nonlinearities and subsequent modification of
the contact. Validation of the numerical model was addressed by comparing the numerical
results obtained by the finite element method with measured pressure distribution with the F-
Scan system in the region of the metatarsal heads for a shoe and TCI condition [14].

For the model validation, the pressure distribution for the barefoot and standard condition
footwear of a diabetic subject was obtained from the FEA model and compared with the
pressure distribution obtained from the F-Scan system. The F-Scan pressure recording was
made while the subject was sitting in the loading device and applying a load of 50% of body
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weight to their forefoot. Previous work has demonstrated that the forefoot pressure distribution
collected with the subject sitting on the loading device is similar to the forefoot pressure
distribution at the instant of peak pressure during the push-off phase of walking (80% of stance
phase) [14-15]. The results of the FEA model and experimental pressure testing were in good
agreement. For example, Figure 3 shows the pressure distribution for the 2" ray — barefoot
and footwear conditions - measured and calculated (r=0.83 for barefoot and r=0.95 for shoe
and TCI). For the initial FEA, the 2" ray was loaded with 75 N which was equivalent to 20%
of the total foot load measured during pressure and structure data acquisition on the loading
device for that specific subject [14]. A specific model also was developed for the diabetic
subject tested in this study using a load of 62 N which was equivalent to 20% of his total foot
load measured during his data acquisition. A specific model was not made for the subject with
metatarsalgia because structure data was not available for him.

Once the numerical model was validated, several design changes were incorporated in the TCI
to reduce the peak plantar pressure further from that of the TCI alone.

TCI Design Modifications

One way to further reduce the peak plantar pressure (PPP) over that of the TCI insole alone is
to insert soft plugs in the regions of high PPP. When a single soft plug is inserted through the
complete thickness of the TCI, the softer material of the plug comes into direct contact with
the sole of the foot. This creates a potential problem because of the stiffness discontinuity at
the boundary between the softer plug and the rest of the insole. It has been reported that
localized high plantar pressure may develop in this region depending on the configuration of
the plugs [13].

To avoid the stiffness discontinuity problemn and to provide a more flexible design solution
we propose a different strategy to locally reduce the stiffness of the TCI in the regions of PPP.
The modification consists of inserting several small-diameter cylindrical plugs of softer
material in the regions of high pressure with partial penetration through the thickness so as not
to reach the side of the TCI in contact with the foot (see detail in Figure 1), but deep enough
to provide a pressure relief. We also investigated single plug configurations with a partial (box)
or full penetration (plug) through the TCI to compare the results with the multi-plug design.
Several design variations were considered during the numerical simulation including changes
in the number of plugs (5-15), plug diameter (2-8 mm), distance between plugs (1-5 mm),
plug height (50—-100% thickness of TCI) and material properties (E=0.25-2.25 MPa). For each
design configuration, a finite element analysis was performed for the 2"d ray model, and the
performance of the design was compared with the standard plastizote TCI. An example of the
comparison between 7, 8, or 9 cylinders and the TClI is illustrated in Figure 4. An example of
the comparison between the cylinders, box, and plug designs is illustrated in Figure 5.

The best design (lowest peak pressure) of the tested configurations consisted of 4 mm diameter
plugs with 1 mm separation that penetrated 70% through the thickness of the TCI. One plug
was centered in the region of the PPP, 3 to 4 cylinders were placed proximally and 3 to 4
cylinders were placed distally from the point of PPP, for a total of 7 to 9 cylinders. Even though
softer materials were considered for the plugs during the numerical simulation, because of its
commercial availability, Poron (Acor, Inc., Cleveland, OH) was used for the construction of
the soft plugs in the TCI prototypes.

The numerical analyses were repeated after modifying the standard TCI by inserting a Poron
plug that was approximately 34 mm wide (equivalent to seven 4 mm diameter cylinders
separated by 1 mm each) with a thickness that was 70% the thickness of the TCI (box) and
again using a plug that was 34 mm wide and 100% the thickness of the TCI (plug) (Figure 5).
The results of each numerical TCI alteration were compared with those obtained using the
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standard TCI to determine which design offered the greatest pressure reduction. Prototypes
were constructed and tested on two subjects (one subject with a history of forefoot pain and
one subject with diabetes and peripheral neuropathy) during walking.

Prototype insoles

A set of four prototype insoles were constructed to fit a male volunteer (47 years old, 165 Ib),
with a history of forefoot pain (metatarsalgia), and a male volunteer with a history of diabetes
and peripheral neuropathy (68 years old, 176 Ib, 44 years of DM). These 2 subjects were
selected from a larger study because they had high localized pressures in the forefoot that were
not fully resolved from using a TCI alone. Both subjects signed an institutional review board
approved consent form. First, a custom TCI insole of standard plastizote material, about 10
mm thick in the region of the metatarsal heads, was made to fit both the left and right feet of
each subject as described previously [4]. Briefly, the certified orthotist took a foam impression
of a subject's foot to make a positive plaster model of their foot. The foam was compressed 2
—4 cm to capture the entire impression of the foot and medial longitudinal arch. The TCI was
made from a base of 1.27 cm (1/2") #2 plastizote with a shore value of approximately 35 and
heightened to include the medial longitudinal arch fabricated to fit inside the shoe. A trial in-
shoe pressure assessment using the F-Scan system was then performed with the subjects
wearing the unmodified standard TCI and standard shoes. From the F-scan pressure reading
corresponding to an instant during the late stance phase of walking (highest pressure in the
forefoot region — Figure 6b & Figure 7b) and based on the results of the numerical studies, a
Poron plug pattern was designed to extend approximately 15 mm proximally, distally, laterally
and medially from the location of the PPP. The Poron plugs were 4 mm in diameter, spaced 1
mm apart extending in all direction around the point of PPP, and penetrated 7 mm into the TCI
(local plug design — Figure 6¢ & Figure 7c). It is important to point out that the locations of
the plugs were determined from the pressure readings and not from the location of the
metatarsal heads [13]. Two additional patterns were also tested: one in which Poron plugs were
placed throughout the entire forefoot region (global plug design — Figure 6d & Figure 7d), and
the other in which a single 7 mm thick sheet of Poron was used in the forefoot region (inlay
design — Figure 6e & Figure 7e). We tested both localized and global variations of the multiple
plug design to determine if there was a benefit to widespread plug coverage, and we tested the
inlay design because a similar design was modeled by Erdemir et al [13] and is often used in
clinical practice.

Pressure Testing

Plantar pressures were recorded during walking in all 4 insole conditions (Figures 6 and 7)
using the F-Scan system and previously validated methods [25-27]. A new F-scan pressure
sensor was cut to fit the shoe of each subject, and the pressure sensor was placed in the footwear
over the insole and under the plantar foot. Subjects wore their own socks and SoleTech shoes
(style E3010). This footwear was selected because it is widely used in practice and can
accommodate custom-made orthotic devices. The sensor was calibrated according to
manufacturer guidelines and standardized techniques [26, 27] and the data was collected at 50
Hz during 6 walking trials immediately after calibration. A mean of 3 representative steps (not
highest or lowest) was chosen during the mid portion of each walking trial and a mean of the
18 steps was used for the peak pressure. Order of testing for the 4 conditions was determined
randomly using a prearranged schedule. Subjects were timed as they walked across a 6.1 meter
(20 ft) walkway, but were allowed to walk at their preferred walking speed. Walking trials with
speeds that differed by more than 5% between footwear conditions were repeated.
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Results

Numerical analysis

Figure 4 shows the FEA results of the pressure distribution 35 mm proximal and 30 mm distal
from the center of the metatarsal head of the 2"d ray of the diabetic subject for four conditions:
standard plastizote TCI, TCI with 7 Poron plugs (7 cylinders), 8 Poron plugs (8 cylinders) and
9 Poron plugs (9 cylinders). In all the testing conditions using plugs, one plug is located at the
position of the PPP for the standard TCI, and three plugs are placed proximally from it and 3,
4 or 5 plugs are placed distally to complete the design. The results show that the 7, 8 and 9-
plug designs are more effective in reducing the PPP compared to the TCI alone, and that adding
more plugs distally (9-plug design) reduces the secondary peak observed at about 20 mm
distally from the center of the metatarsal head compared to the 7 plug design. Note that this
secondary peak is not present for the standard TCI.

Figure 5 shows the FEA results of the pressure distribution 35 mm proximal and 30 mm distal
from the center of the metatarsal head of the 2"d ray of the diabetic subject and for four
conditions: standard plastizote TCI, TCI with 7 Poron plugs (cylinders), TCI with a single
partial penetration Poron plug (Box) and TCI with a complete penetration Poron plug (Plug).
All three designs have lower peak plantar pressure than the TCI alone (121 kPa). While the
single plug design (PPP=106 kPa for Plug, PPP=107 kPa for Box) provides similar pressure
reduction compared to the multi-plug design (PPP=110 kPa), the single plug designs produce
an undesirable secondary pressure peak 20 mm distally from the center of the metatarsal head
at the end of the plug.

Experimental measurements

Table 1 shows the average peak plantar pressure (PPP) for the four different regions of the
forefoot (Figure 6b) and four different TCI conditions obtained from the F-Scan measurements
for the subject with a history of metatarsalgia. The PPP and standard deviation (STD) values
are averages over 18 steps. The last column in each region shows the percent change in pressure
(AP) over that of the TCI alone (a positive number indicates a pressure increase, while a
negative number a reduction in pressure). While each of the designs reduced PPP in the middle
region (where initial PPP was highest and the subject had a history of pain) these results show
that the local plug was the most effective in reducing the PPP in this targeted region (13.6%
reduction from 427 kPa to 369 kPa). The local plug design also showed a reduction of PPP in
the medial region of 11.4%, with a small increase in pressure in the lateral and great toe regions
(4.6% and 3%, respectively).

Table 2 shows the same information for the subject with diabetes and peripheral neuropathy.
In this case, the global plug and the local plug designs show a reduction in the PPP occurring
in the middle and lateral regions (3.3—24.5%), while the inlay was not effective. There was a
pressure increase in the great toe and medial regions for all three plug configurations, but the
pressure for the standard TCI was less than in the other two regions.

Discussion

The present modeling approach is based on the use of subject-specific topologies for the foot
and shoe to study the influence of design variations of the insert on the peak plantar pressure
under the metataral heads and the correlation with experimental results obtained during
walking.

In this research a two-dimensional validated model of the second ray was used to study the
beneficial effect of incorporating small cylindrical plugs with partial penetration through the
thickness of the insert in the areas where the plantar pressure is largest. The numerical
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simulations made it possible to study different plug patterns without the difficulties associated
with empirically testing all of these configurations. From the numerical studies of multiple
configurations, the best plug configuration was determined and prototype inserts were made
and tested experimentally in two subjects during walking.

Both subjects showed a reduction in peak pressure (Tables 1-2) that was consistent with the
predicted values from the computational modeling (Figure 5). It is interesting to point out that
although the reduction in PPP is less for the subject with diabetes and peripheral neuropathy
than for the subject with a history of metatarslagia, the initial PPP with the TCI alone is
substantially less for the subject with diabetes and therefore the pressure reduction provided
by the plugs is not as effective as it is for the subject with a history of metatarsalgia.

Although a number of other investigators have used finite element models to design orthotic
devices [9-13], the work of Erdemir et al is most pertinent to this project [13]. Erdemir et al
investigated the shape and size of an individual plug placed within the midsole of the shoe.
Our study differs in that we investigated number and distribution of plugs placed within a total
contact insert (TCI) that could be placed inside the shoe. Both studies placed the plugs under
the area of highest pressure rather than under the metatarsal heads because Erdemir et al found
PPP were lower using this configuration. This approach intuitively makes sense and optimally
requires an in-shoe pressure assessment prior to insole or footwear fabrication. Furthermore,
both studies report an “edge effect” (i.e., a ridge of high pressure at the edge of the plug) using
a single plug with vertical sides. Erdemir et al minimizes this potential problem by using a
larger plug or by tapering the edges. We found that the edge effect could be lessened by using
multiple smaller plugs. Finally, Erdemir et al reports larger PPP reductions in the region of
interest predicted numerically (18—-28% vs 7%) and experimentally (44—45% vs 3—14%) than
we report. These considerably greater PPP reductions likely are due to the larger, thicker plugs
used by Erdemir et al that were placed in the midsole of the shoe compared to the plugs used
in this study that were inserted only into the insole.

A TCI clearly is beneficial in reducing forefoot PPP [4-8]. Although many patients receive
adequate pressure reduction from the TCI alone, some patients require greater pressure
reduction due to reoccurring pain or plantar ulcers. Traditionally, a metatarsal pad is used for
further pressure reduction [4]. We believe the use of small plugs as a way to reduce the PPP
further from that of the TCI alone may have several potential advantages. Using small plugs
may: (a) provide greater flexibility (i.e., more options) for customizing therapeutic insoles-for
each individual patient, and (b) avoid the possible detrimental effect of secondary pressure
peaks at the transition between softer and stiffer materials of the total penetration plugs (Figure
5 - plug). Additional research is needed to compare these approaches directy.

Several limitations to our numerical approach need to be emphasized for appropriate
interpretation and application of our results. First a static two dimensional model was used to
characterize a dynamic three dimensional phenomena. A two dimensional model is unable to
accurately identify the distribution of pressure across metatarsal heads. This limitation is
especially important in trying to identify the benefits of a local compared to a global plug
distribution. In addition, we characterized only one instant during the entire stance phase of
walking. This instant during the push-off phase of walking was chosen, however, because it is
the instant when pressures are greatest on the plantar foot and risk of injury is highest.[15]
Although we used a loading device to position and load the foot during a simulated instant of
push-off during walking, our previous research indicated that the pressure values collected on
this loading device were representative of values collected during walking [15]. Furthermore,
africtionless contact condition was used between the foot and insole which is unable to identify
shear stresses that may be harmful to the foot. We are unable to determine the effect of shear
stresses on the plantar foot using this computational model. Despite these limitations, the two
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dimensional model has been validated with experimental results [14] and helped select specific
designs that were then tested in the laboratory and reported in this paper. The results of
empirical tests (Tables 1-2) were consistent with the estimates derived from the model (Figure
5) increasing our confidence in the model predictions. Continued research is needed to develop
validated dynamic three dimensional models of the foot that can help direct optimal footwear
design for the serious problem of neuropathic skin breakdown.

This research study indicates that the use of softer localized plugs inserted into a monolithic
TCl insole is a good strategy to reduce peak plantar pressure in the metatarsal region of the
diabetic foot. The numerical simulations were essential in determining the proper size and
number of plugs while the specific placement of the plugs was determined from pressure
measurements made using an in-shoe pressure assessment system. Additional testing in larger
groups of patients with high pressures resulting in forefoot pain or skin breakdown (i.e., from
diabetes and peripheral neuropathy) is needed to confirm the benefits of the proposed approach.
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Figure 1.
2"d ray — sagittal plane section used for numerical simulation. Foot with standard TCI (left)
and with plugs under the metatarsal head (right). Inset shows detail of plug design.
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Figure 3.
Pressure distribution for the 219 ray barefoot and with footwear (therapeutic shoe and standard
plastizote #2 TCI) — Fscan vs FEA.
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Figure 4.
Pressure distribution from FEA results for different number of cylindrical plugs in the TCI.
Sagittal section through the 24 metatarsal of the diabetic subject.
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Figure 5.
Pressure distribution from FEA results for different TCI designs. Sagittal section through the
2" metatarsal of the diabetic subject.
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Great toe

Figure 6.

TCIl insoles for the left foot of the subject with forefoot pain. (a) Standard TClI, (b) F-Scan
pressure reading during late stance of walking with indication of the four regions of the forefoot
where the tabular information was obtained; (c) local plug design; (d) global plug design; (e)
inlay design.
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Figure 7.

TCIl insoles for the right foot of the diabetic subject. (a) Standard TClI, (b) F-Scan pressure
reading during late stance of walking; (c) local plug design; (d) global plug design; (e) inlay
design.
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