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Pressure offloading is critical to diabetic foot ulcer healing and prevention. A novel product has been proposed to achieve this
offloading with an insole that can be easily modified for each user. This insole consists of pressurized bubbles that can be
selectively perforated and depressurized to redistribute weight to the nonulcer region of the foot. However, the effect of the insole
design parameters, for example, bubble height and stiffness, on offloading effectiveness is unknown. To this end, a 3-dimensional
finite element model was developed to simulate contact between the rearfoot and insole. The geometry of the calcaneus bone and
soft tissue was based on the medical images of an average male patient, and material properties and loading conditions based on
the values reported in the literature were used. The model predicts that increasing bubble height and stiffness leads to a more
effectively offloaded region. However, the model also predicts that increasing stiffness leads to increasing contact pressures on
the surrounding soft tissue. Thus, a combination of insole design parameters was determined, which completely offloads the
desired region, while simultaneously reducing the contact pressure on the surrounding soft tissue. This design is expected to aid in
diabetic foot ulcer healing and prevention.
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Diabetes mellitus is an increasingly common chronic disease
that is expected to impact more than 439 million adults by the year
2030.1 Between 10% and 15% of these patients will develop
diabetic or neuropathic foot ulcers at some point during their
lifetime.2,3 One of every 6 patients with a diabetic foot ulcer
will culminate in amputation in the United States. Diabetic patients
with a diabetic foot ulcer, or history of ulcers, are at a heightened
risk of 5- to 10-year mortality.4 Diabetic ulcerations are costly to
the patient’s physical well-being and quality of life, as well as
burdensome on the medical system. These ulcers typically form
due to the loss of protective sensation associated with diabetes and
elevated plantar pressures caused by foot deformities, gait insta-
bility, repetitive minor foot abrasions, and loss of fat pad quality.
Foot pressure reduction, otherwise known as pressure offloading, is
often considered the most crucial aspect of diabetic foot ulcer
healing and prevention of recurrence.3,5

Existing treatments for pressure offloading may have significant
limitations for offloading ulcers that could be addressed through
innovative solutions. The total contact cast is widely accepted as the
most effective offloading treatment, with up to an 87% reduction in
peak pressure compared with standard, nontherapeutic footwear.5–8

However, the total contact cast is used in fewer than 10% of ulcer
cases,9 likely due to adverse side effects, such as reduced activity
level; difficulty driving, bathing, or sleeping; and the cost of
treatment.5 The removable cast boot is a safe and accessible alterna-
tive offloading device; however, these boots can be expensive, they

are not customizable, and the patient’s ability to remove the cast
leads to problems with patient compliance.4 Therapeutic footwear
devices, such as the rocker bottom outsole and custom-made insoles,
also provide some pressure relief but are considerably less effective
than the total contact cast.5 An additional option, which may achieve
offloading without these side effects, is the use of insoles10 that
redistributes weight to the nonulcer region of the foot.

A novel recently developed offloading insole, PopSole™

(referred to as “insole” henceforth and whose prototype is shown
in Figure 1A), consists of pressurized bubbles that can be selectively
perforated and depressurized, allowing the insole to be customized
based on the location, size, and severity of an ulcer. In the case of
any offloading treatment, it is beneficial to assess pressures on the
foot-insole couple to ensure that the device effectively offloads the
desired region.5 As a supplement to experimental data, which is
often difficult and costly to obtain,11,12 researchers have frequently
utilized finite element (FE) analysis to accurately predict load
distributions between the foot and its surrounding supports.11–18

These models predict the distribution of underfoot contact pressures,
given measurable design inputs, such as the geometry, material
properties, and loading conditions. For example, researchers have
shown that a less flexible insole material yields higher peak contact
pressures on the soft tissue.11,19 Thus, the use of FE simulations
provides researchers with an opportunity for estimating the impact
of insole design parameters on contact pressure distribution.

The objective of this study was to develop a 3-dimensional (3D)
FE model simulating contact between the rearfoot and the insole to
investigate the effects of insole design (bubble height and stiffness)
on offloading effectiveness for balanced standing. It is hypothesized
that (1) increased bubble height and insole stiffness will aid in
preventing contact in the desired offloading region, and (2) increased
stiffness will lead to increased peak contact pressures on the
surrounding soft tissue.
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Methods
Model Description

The FE model consisted of bone, soft tissue, and the insole
(Figure 1B). The geometry of the bone and soft tissue was imported
from an online computer-aided design database, which was based
on the medical images of an average male patient. The geometry of
the insole was constructed (design modeler add-in for ANSYS®

2019 R1; ANSYS Inc, Canonsburg, PA) after geometry cleaning
and smoothing was performed using Geomagic® (3D Systems,
Rock Hill, SC). The base plate of the insole had constant

dimensions of 9 cm (length or x), 8.5 cm (width or z), and
0.2 cm (height or y), and a total loading area (designated by the
exterior of the bubble region) of 66 cm2. The offloading area
(where the bubbles are popped in the center of the base plate) was
kept constant at 5.6 cm2. Although the size of ulcers can vary (0–
20 cm2),20,21 the median size of ulcers (∼1 cm2)20,22 is smaller than
this offloading area. Thus, the simulated offloading region should
accommodate the majority of ulcers. Previous research shows that,
for balanced standing, peak pressures are in the rearfoot region.11,12

Hence, to minimize computational expense, only the rearfoot was
included in this model. The location of the offloading area was
chosen as the heel since it is among the most common locations for

Figure 1 — (A) Prototype PopSole™ geometry. (B) Finite element model with prescribed boundary conditions.
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ulcers23 and contains a large area for redistributing loads compared
with other regions of the foot (eg, the hallux). Thus, ulcers in the
heel are considered a viable candidate for this type of insole. The
model was then imported and assembled in ANSYS® Workbench.

The bone and insole components were modeled using linear
elastic, homogenous, and isotropic material properties (Table 1).
The soft tissue was modeled as a nonlinear elastic material based on
stress–strain data adopted from in vivo ultrasonic measurements.17

The hyperelastic material model (ANSYS®) was chosen to repre-
sent the nonlinear and nearly incompressible nature of the soft
tissue and its strain-hardening characteristic.24 The second-order
polynomial strain energy potential was chosen to represent this
model and is given by Equation 1,

U =
X

2
iþj=1CijðĪ1 − 3ÞiðĪ2 − 3Þj þ

X
2
i=1

1
Di

ðJel − 1Þ2i (1)

where U (in Pa) is the strain energy density and Ī1, Ī2, and Jel
(dimensionless) are the first and second deviatoric strain invariants
and elastic volume ratio, respectively. The coefficients Cij (in Pa)
and Di (in Pa−1) are the coefficients of the hyperelastic material
model (Table 2).12,17 Although patients with diabetes mellitus or
peripheral neuropathy tend to have stiffer plantar soft tissue than
their healthy counterparts,15,25,26 this effect is small in the heel
region.26 Thus, using material properties from healthy adults is
appropriate for this model. The Young modulus and Poisson ratio
of the bone were assigned as 7300MPa and 0.3, respectively, based
on the formulation developed by Nakamura et al18 and used in
analyses henceforth.12,13,15,16 The Young modulus of the insole
was varied at 3, 5, and 10 MPa to investigate the effect of insole
stiffness on offloading effectiveness. These values are within the
soft regime for the PVC material from which the insole is man-
ufactured. This regime was determined based on the range of the
Young modulus for common insole materials.11 The Poisson ratio
(Table 1) was chosen based on the existing literature.11,12

The foot-insole contact couple was modeled using an aug-
mented Lagrange frictional contact formulation. It is a penalty-based
method that employs a nondimensional stiffness factor between
contacting bodies, which helps prevent penetration. Therefore, this
approachminimized penetration in the foot-insole contact region and
helped ensure convergence.24 A friction coefficient of 0.6 was
chosen based on existing literature.11,12,27

Displacement boundary conditions were applied to the base
plate of the insole and the top surface of the bone. The base plate of
the insole was assigned a zero-displacement boundary condition,
simulating fixed support. The top surface of the bone was displaced
downward (ie, in the negative y-direction, toward the insole), while
the x- and z-directions were assigned zero displacement
(Figure 1B). The magnitude of this displacement was iteratively
controlled to achieve the desired vertical reaction force on the
support (ie, the base plate of the insole).28 A reaction force of 130 N
was generated for all analyses (see the “Parametric Analysis”
section for rationale). Using displacement boundary conditions
improved the stability of the solution compared with using applied
force boundary conditions. Both the base plate of the insole and the

top surface of the bone were assigned zero-rotation boundary
conditions, that is, they were not free to rotate.

Mesh Considerations

The mesh of the FE model was assigned in a bias fashion, that
is, the mesh was more refined in those areas that were expected to
be in contact. Body and face sizing methods (ANSYS®) were used
to produce the refined mesh. The patch conforming tetrahedron
method was applied to the insole, given its complex geometry.29

Mesh convergence studies were performed (see the “Verification
and Validation” section) in which the mesh was refined until there
was less than a 5% change in the peak contact pressure on the
surrounding soft tissue (Table 3) for 2 consecutive reductions in
mesh size. The refined mesh state for any model used a minimum
mesh size of 1.5 mm, leading to upwards of 100,000 quadratic,
tetrahedral elements (Figure 2, Table 3).

Verification and Validation

Verification and validation studies30 were conducted to assess the
stability and accuracy of the current model. Contact between the
rearfoot and a 5-mm thick flat plate with Young modulus of
17,000 MPa was simulated for these studies.12 First, verification
was performed using this model until 2 consecutive mesh refinements
yielded less than a 5% change in peak contact pressure on the rearfoot
soft tissue (Table 3). Once verification was achieved at the mesh
size of 1.5 mm, cross-validation of the FE model was performed
by comparing the verified, computed peak contact pressure on the
rearfoot soft tissue with the value from the literature (0.23 MPa).
Given the accuracy of the Cheung et al12 model with experimental
results, this was considered an appropriate benchmark for validating
the current model. The refined mesh state yielded a ∼1% error when
compared with the peak contact pressure from the literature. Thus, the
proposed model, using the specified contact formulation and bound-
ary conditions as outlined in “Model Description” section, achieved
cross-validation regarding peak contact pressure on the rearfoot soft
tissue when compared with the values from the literature.

Parametric Analysis

A total of 12 different simulations were conducted to investigate
the effects that bubble height and insole stiffness have on off-
loading effectiveness. All simulations in this study were performed
to achieve the desired reaction force of 130 N. This force was
calculated based on the weight applied by a person with a body
mass of ∼70 kg on only the rearfoot region of the foot (∼350 N per
foot · 0.37). The proportion of weight on the rearfoot (0.37) was
estimated based on the ratio of the contact area in this region.12

Models using partial loading for partial-foot models31,32 have been
employed based on the estimation of load applied to only those
partial regions.33 During postprocessing, we considered 2 specific
contact regions: (1) the contact between the soft tissue and the
nonpopped bubbles and (2) between the soft tissue and the support

Table 1 Material Properties of the Bone and Insole
Components

Component Young modulus, E (MPa) Poisson ratio, ν

Bone 7300 0.3

Insole 3, 5, 10 0.4

Table 2 Coefficients of the Hyperelastic Material
Model Used to Simulate the Soft Tissue

C10 C01 C20 C11 C02 D1 D2

85,550 −58,400 38,920 −23,100 8484 0.4370E-
05

0.6811E-
06

Note: Units are Pa for Cij and Pa−1 for Di.
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(ie, the popped-bubble region). The former describes the pressure
in the soft tissue surrounding the offloading region. The latter
describes the pressure in the offloading region.

Results
Contour plots were constructed to depict the predicted peak contact
pressure for the surrounding soft tissue (Figure 3A) and the desired
offloading region (Figure 3B) as functions of the insole bubble
height (h) and Young modulus (E). The range of predicted peak
contact pressures on the surrounding soft tissue was 290 to 660 kPa
for a bubble height of 4.9 mm, 280 to 520 kPa for a height of
6.6 mm, 300 to 520 kPa for a height of 8.3 mm, and 250 to 520 kPa
for a height of 10 mm. The range of predicted peak contact
pressures on the offloaded region was 79 to 92 kPa for a bubble
height of 4.9 mm and 38 to 48 kPa for a bubble height of 6.6 mm.
Except for a bubble height of 8.3 mm and insole stiffness of 3 MPa,
all other combinations of bubble height and insole stiffness
completely offloaded the region, yielding 0 contact pressures
(Figure 3B). A bubble height of 8.3 mm and insole stiffness of

5 MPa fully offloaded the area (Figure 3B) while simultaneously
minimizing the pressure on the surrounding soft tissue (Figure 3A).
The peak contact pressure on the surrounding soft tissue was
390 kPa for this case.

The qualitative effect that bubble height and insole stiffness
have on offloading effectiveness is demonstrated in Figure 4A and
4B. For a fixed height of 8.3 mm, the flexible material (E = 3 MPa)
leads to foot-insole contact in the offloading region (Figure 4A,
the foot is contacting the insole), whereas the stiffer material (E =
5 MPa) prevents contact (Figure 4B, there is no foot-insole
contact).

Figure 5 depicts the contact pressure distribution on the
surrounding soft tissue at the bubble height of 8.3 mm and insole
stiffness of 5 MPa. As stated, this combination fully offloaded the
area, yielding 0 contact pressures (and subsequently 0 contact area)
in that region. Where the bubbles are in contact with the soft tissue,
the maximum pressure is 390 kPa in the tissue closest to the
offloaded region. In this case, the contact area, which was extracted
during postprocessing using ANSYS Parametric Design Language
(APDL) command-line arguments, was 9.2 cm2, yielding an
average analytical contact pressure of σave = 140 kPa.

Table 3 Verification of the Flat Plate Cross-Validation Model

Mesh size, mm Number of elements Peak contact pressure, MPa

5.0 1.4 × 104 0.20

3.0 2.8 × 104 0.20

2.0 6.7 × 104 0.23

1.5 1.4 × 105 0.23

Figure 2 — Refined mesh state of the finite element model.
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Discussion
In this study, a 3D FE model simulating contact between the
rearfoot and the insole was developed to investigate the effects of
insole design (bubble height and stiffness) on offloading effective-
ness for balanced standing. It was hypothesized that (1) increased
bubble height and insole stiffness will aid in preventing contact in
the desired offloading region and (2) increased stiffness will lead to
increased peak contact pressures on the surrounding soft tissue.
Indeed, the model predicts that increases in bubble height and
insole stiffness lead to reduced contact pressures in the offloaded
region and that increased insole stiffness leads to increased contact
pressures on the surrounding soft tissue. Thus, a combination of
insole design parameters that completely offload the region, while
simultaneously minimizing contact pressure on the surrounding
soft tissue, should be considered.

The authors acknowledge some limitations of the current
study. First, the applied vertical displacement (force) was selected

to reflect balanced standing. Larger forces are expected during
gait or for higher-weight individuals. While comparable trends
would be expected for gait, the optimal working conditions of
the insole may be different in the presence of dynamic or higher
loads. Another limitation is that the FE solutions did not converge
with further mesh refinement for 2 insole design parameter sets
(a bubble height of 8.3 and 10 mm with a Young modulus of
3 MPa). We suspect that this was due to the buckling of the bubble
“columns” caused by the combination of increased height and low
stiffness. Also, stiffer plantar soft tissue, a direct result of diabetes
mellitus and peripheral neuropathy,15,25,26 was not modeled in the
current study. While this factor would lead to increased stresses in
the local region, it is not expected to change the overall data trends
regarding the insole design parameters. Finally, the authors
acknowledge the lack of experimental validation for study-specific
analyses.

The simulations predict that increased bubble height and insole
stiffness lead to a more effectively offloaded region. The minimum
bubble height needed to prevent foot-insole contact was determined
to be 8.3 mm. For any heights lower than this, the simulations predict
a concentration of contact pressures in the offloading region, regard-
less of the insole stiffness. Furthermore, at the height of 8.3 mm, an
insole stiffness value of at least 5MPawas necessary to prevent foot-
insole contact. For the combination of insole design parameters that
completely prevents contact (8.3 mm bubble height and 5 MPa
insole stiffness), any additional increase in those parameters will not
yield an additional benefit in terms of offloading the desired region
(ie, increasing the bubble height and insole stiffness to 10mm and 10
MPa, respectively, had no further effect on the offloading effective-
ness). In further consideration, increasing the insole stiffness to
10MPawill lead to a significant increase in peak contact pressures in
the surrounding soft tissue, which may cause pain and the develop-
ment of new ulcers.12 Hence, from the FE predictions, this combi-
nation of design parameters represents the optimal working
condition of the insole for balanced standing (ie, this combination
completely offloads the desired region while simultaneously mini-
mizing pressure on the surrounding soft tissue).

The benefits of offloading a specific region of the foot should
be weighed against a potential increase in contact pressures on the
surrounding soft tissue due to the reduction of the loaded area. That
is, there is a trade-off: contact pressure in the offloading area may
be 0, but increased contact pressures in the surrounding soft tissue
may cause pain and the development of new ulcers.12 Clinically, it
is important to evaluate the trade-off between offloading the ulcer
region to promote healing while considering the potential for new
ulcer development in the region adjacent to the offloading.

Although the insole stiffness provides significant contributions
to the magnitude of peak contact pressures in the surrounding soft
tissue, the simulations predict that bubble height alone is negligible
in determining the peak contact pressure on the surrounding soft
tissue. Specifically, the results indicate that peak contact pressure
on the surrounding soft tissue was insensitive to bubble height. For
example, for heights of 6.6 and 10 mm, at a stiffness of 10MPa, the
calculated peak pressures on the surrounding soft tissue differed by
less than 1% (Figure 3A). These results indicate that the alteration
of bubble height mainly influences contact pressures on the off-
loading region and not on the surrounding soft tissue. Thus,
increasing bubble height should only be done to provide better
offloading effects.

The results of this study were found to be consistent with
previous studies that have simulated the effect of insole stiffness on
peak contact pressures on the foot.11,19 In agreement with these

Figure 3 — Predicted peak contact pressure (in kPa) on (A) the
surrounding soft tissue and (B) the offloading region for varying values
of h, E. E indicates Young modulus; h, insole bubble height.
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Figure 4 — Section demonstrating offloading effectiveness for h = 8.3 mm and (A) E = 3MPa, (B) E = 5MPa. In (A), the foot is contacting the support.
In (B), there is no contact.E indicates Young modulus; h, insole bubble height.
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studies, the FE model predicts that increased insole stiffness leads
to increased peak contact pressure on the soft tissue. Also, the FE
model achieved similar (∼1% error) peak contact pressures in the
cross-validation study.12 Regarding the results of the offloading
insole, we do not expect peak contact pressures to be comparable to
those predicted in Cheung et al,12 due to the geometry of the insole,
which generates a stress profile consistent with Hertzian point
contact.34

The results from this study are expected to help aid in the
design of the insole for offloading the desired region of diabetic
foot ulcers. In particular, this model can be considered a prelimi-
nary step in the determination of insole design parameters, which
most effectively offload the desired region for persons of different
weight or stature. This can provide significant benefits in diabetic
foot ulcer healing and prevention of recurrence.3,5 Based on the
success of the cross-validation study,12 the convergence of the
model with existing trends in the literature,11,19 and the confirma-
tion of our original hypothesis, the authors are confident in the
accuracy and stability of the current model.

An accurate, yet simplified, 3D FE model of the rearfoot and
insole was developed to investigate the effects of offloading insole
design parameters (bubble height and stiffness) on offloading
effectiveness. The FE simulations predict that the offloading insole
can completely mitigate pressure in a desired offloading region
under certain combinations of these parameters. In general, increas-
ing bubble height and insole stiffness reduces contact pressures in
the offloading region; however, increasing stiffness also leads to
increasing contact pressures on the surrounding soft tissue.
Thus, an optimal combination of insole design parameters was
determined, one that completely offloads the desired region
while simultaneously minimizing peak contact pressures on the

surrounding soft tissue. The best parameters for balanced standing
were a bubble height of 8.3 mm and an insole stiffness of 5 MPa.
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