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Abstract

Patients with diabetes mellitus are at elevated risk for secondary complications that result in
lower extremity amputations. Standard of care to prevent these complications involves prescribing
custom accommodative insoles that use inefficient and outdated fabrication processes including
milling and hand carving. A new thrust of custom 3D printed insoles has shown promise in
producing corrective insoles but has not explored accommaodative diabetic insoles. Our novel
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contribution is a metamaterial design application that allows the insole stiffness to vary regionally
following patient-specific plantar pressure measurements. We presented a novel workflow to
fabricate custom 3D printed elastomeric insoles, a testing method to evaluate the durability, shear
stiffness, and compressive stiffness of insole material samples, and a case study to demonstrate
how the novel 3D printed insoles performed clinically. Our 3D printed insoles results showed a
matched or improved durability, a reduced shear stiffness, and a reduction in plantar pressure in
clinical case study compared to standard of care insoles.
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Introduction

Patients with diabetes mellitus and secondary complications to the peripheral nervous
system are at increased risk of developing foot ulcers. In the United States, more than
100,000 patients require amputations each year as a result of diabetic foot wounds that

have failed to heal, with 60% of these wounds being foot ulcers. This number is expected

to increase due to an aging population . Management of the diabetic foot with the goal of
avoiding amputation falls into two main categories: wound prevention and wound healing.
Prevention strategies focus on patient education and close monitoring, and the prescription
of specialized offloading orthotic devices. If a wound occurs, these two strategies are
augmented with the prescription of antibiotic and specialized wound healing treatments. The
successes of all of these strategies benefit from specialized care through patient-specific
strategies [1-3]. Foot ulceration in particular is multifactorial and is commonly correlated
with elevated plantar pressure levels [4-6]. Therapeutic offloading devices have been
prescribed to reduce plantar pressure and prevent ulceration or promote recovery of existing
ulcers. The current standard of care (SoC) includes accommodative shoes and custom
insoles designed by specialized clinicians that utilize layers of foam with varying durometers
and specially placed additions like heel lifts or metatarsal pads. Patient-specific customized
insoles, which rely on clinical expertise and time-consuming manual labor for specific
construction materials and shaping techniques, have been shown to be a successful option

in reducing and redistributing peak plantar pressures, thereby increasing the ability of the
patient to avoid a first ulcer or re-ulceration [7-10].

In recent years, researchers have applied additive manufacturing methods, specifically 3-
dimensional (3D) printing, as a viable method for producing custom insoles. One of the
most impactful attributes in this space has been the ability to programmatically modulate
stiffness in three dimensions through modification of the internal geometry of the 3D printed
components [11]. A custom 3D model of an insole can be generated using a 3D scan of

a foam crush box impression. The insole can then be manufactured using an appropriate
polymeric material with internal geometry strategically designed to create regions of varying
stiffness throughout the insole. Different 3D printing methods have been employed to
investigate the effect of custom 3D printed insoles. Prior studies have mainly utilized the
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fused deposition modeling (FDM) method of 3D printing, in which a plastic filament is
extruded through a heated nozzle and deposited in layers to form 3D geometry [12-15].
The FDM material used in prior studies has typically been limited to common thermoplastic
filaments such as polylactic acid (PLA) or acrylonitrile butadiene styrene (ABS). While it

is a ubiquitous and low-cost prototyping method, FDM printing technology currently faces
some limitations. FDM printing allows the creation of a fully-geometrically-customized
insole; however, materials available using this method under-perform as a final product

in terms of durability and mechanical property performance. Specifically, when used with
stiffer PLA and ABS materials, FDM printing produces rigid, brittle prints and is typically
generated only as proof of concept in the initial stages of prototyping [16-18].

The characteristics of inter-layer adhesion in FDM printing technology results in prints

with largely anisotropic mechanical properties, and this may induce early failure in devices
fabricated in this manner [16,19]. Prior studies have successfully created insoles for research
purposes [12,20,21]; however, the insoles produced using this method have not been
evaluated in terms of their ability to match the durability lifetime, the nominal stiffness,

nor the level of patient comfort of the SoC accommodative diabetic insoles.

Recently, elastomers have improved and have been specifically designed for 3D printing
fabrication methods, as have new methods of 3D print construction [22—-24]. New UV-
curable resin printing technologies are capable of producing complex print geometries with
improved mechanical properties and have demonstrated the ability to produce isotropic
materials [25]. Our prior work used parts produced via a UV-cured resin process to
investigate the ability to modulate stiffness by lattice geometry design and geometric
modification [11]; these elastomers could extend the stiffness modulation beyond the FDM
method and show potential in mimicking the material properties of the SoC insoles.
Software allows tuning of lattice geometry and prediction of mechanical properties.
Furthermore, 3D printing processes that leverage stereolithography have the ability to
produce prints with high isotropic material properties [25]. However, the actual performance
and longevity of elastomers in 3D printed insoles have not been evaluated.

In this work, the authors set out to accomplish the following goals: to produce a 3D

printed lattice material that matches the SoC compressive stiffness; to develop an insole
material with improved durability over the SoC material; to reduce the shear stiffness of
the insole material over the SoC material; to allow the customization of insole stiffness
based on patient plantar pressure data; and to develop a repeatable workflow for the
manufacturing of patient-specific 3D printed plantar pressure-offloading insoles and for

the rigorous characterization of new 3D printed metamaterial samples for future insole
development. In this work, we presented a novel 3D printed insole manufacturing workflow,
and we developed two different fully customized patient-specific insole devices through the
proposed workflow. The first device was composed of fully-3D printed material, and the
second was constructed as a hybrid of 3D printed base material and a bi-laminate foam

top layer. We then introduced a testing method to determine the durability performance and
shear stiffness of insole material samples. Lastly, we performed an /n-vivo case study to
demonstrate how the novel 3D printed insole devices applied in a real-life use case in terms
of measured plantar pressure during walking.
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Methods

Insole Design Process

Current SoC process.—The fabrication of current SoC custom insoles for the treatment
of diabetic feet relies heavily on clinical expertise and manual adjustments to accommodate
various patient-specific conditions. Typically, a certified orthotist uses a foam crush box

to obtain a negative impression of a patient’s foot geometry and then fills the crush box
with wet plaster, which, once cured, yields a hard positive model of the patient’s foot.
After a series of manually performed modifications to the plaster model, SoC insoles are
constructed by heat- and vacuum-forming layers of foam of different compositions and
applying an adhesive between the foam sheets to form a layered foam construction. In this
approach, the pressure-relieving region may be considered based on clinical judgments and
is produced using a range of strategies that include: 1) the addition of material to the positive
plantar model to create a manufactured depression in the finished foot orthosis or 2) by
insetting a disc of low-density foam or 3) by removing material from the base of the insole
in the desired region or 4) some combination of all these strategies. The insole is then
manually shaped to ensure proper fit to the patient’s foot and shoes. This entire fabrication
process, from generating the foam crush box impression to fitting the insole to the patient
and the patient’s shoe, typically requires two patient visits over multiple days, sometimes
weeks (Figure 1A).

Novel fabrication method.—In this work, our novel fabrication method achieves a fully
customized insole that fits the patient’s foot and shoe, as prescribed by an orthotist, and
incorporates patient-specific plantar pressure to relieve plantar pressure through targeted
offloading regions of insole stiffness reduction. From here on, the insole created using

this method will be referred to as the novel insole. We first scanned the foam crush box
impression of the patient’s foot generated by an orthotist using a high-precision 3D visible
light scanner (Creaform GoScan50, Creaform, Levis, Canada). Then we processed the
scanned data using a scan post-processing software (VX Elements 3D, Creaform, Levis,
Canada) and exported the impression as an STL file for later patient-specific insole design.
Meanwhile, we collected patient-specific plantar pressure using an in-shoe plantar pressure
sensor (Pedar-X, novel GMBH, Germany) while walking over flat ground in a laboratory
setting in a standardized shoe. The plantar pressure data were calculated using custom
MATLAB (The MathWorks Inc., Natick, Massachusetts) algorithm to define the offloading
regions using a threshold value of 200 kPa. In the insole model design software (FitFoot360,
Fit360 Ltd., Worcestershire, UK), the anatomical landmarks of the foot, including heel

and first and fifth metatarsal heads, were manually identified to facilitate proper insole
positioning and sizing, and the insole was modeled to match the geometry of the patient’s
scanned foot. The resulting one-piece insole model was then exported and further divided
into normal-pressure and offloading segments based on a previously defined plantar pressure
map using CAD software (Fusion360, Autodesk Inc. San Rafael, California). One version of
the model was exported incorporating the full thickness of the model produced through
FitFoot360, and a separate model with the top 4 mm of thickness removed was also
exported. These two segmented models were then delivered to a third-party company
(Carbon, Redwood City, CA) for application of the lattice structure 3D printing.
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After extensive testing of a range of elastomers available for various 3D printing
technologies, the Carbon® Elastomeric Polyurethane (EPU) 41 material was identified

to exhibit the most suitable mechanical properties in terms of elasticity and durability.
Furthermore, the lattice design engine (Carbon, Redwood City, CA) enabled us to create a
lattice with comparable stiffness to the foam materials used in the SoC insoles by iteratively
adjusting the lattice unit size and strut thickness. During the lattice tuning phase, the
predicted lattice stiffness was generated by the design engine [26]. Lattice unit size and
thickness parameters were tuned until the predicted stiffness resembled the characterized
stiffnesses of each of the SoC insole materials. The resulting printed samples were tested for
compressive stiffness and the process was repeated until the lattice parameters successfully
produced a stiffness closely matching those of the SoC materials. A resulting material with
stiffness-matched regions produced according to each individual layer of the SoC insole
foam was delivered through the capability of the lattice design engine. Plots of compressive
stiffness verification for the final lattice designs compared to the matching SoC foams can
be seen in the included supplementary documents, as well as figures detailing the lattice
structure. The designs of the full insole models including the latticed structures were then
3D printed on a Carbon L1 3D printer using the EPU41 material. Following the standard
Carbon fabrication process for the L1 printing system, once printed, the insoles were spun
in a centrifuge to remove excess resin and finished with a heat cure process in an oven.

For our hybrid version, only the thin base of the insole was printed using this process, then
it is bonded to a Poron-Plastazote bi-laminate top sheet, nominally 4 mm in thickness, to
attain the same overall geometry of the fully-3D printed version, and to target a surface feel
preferred by patients and clinicians. This Poron-Plastazote bi-laminate top sheet is the same
that is used for the SoC customized insoles (Figure 1B).

Material Mechanical Property Characterization

Durability and Compressive Stiffness Characterization—We prepared 3 cylindrical
specimens (nominally 31.75 mm in diameter and approximately 8 mm thick, Figure 2A),
two of which were samples of the novel insoles, either consisting entirely of EPU41 in
lattice geometry manufactured by Carbon or with the additional bi-laminate foam top layer
consisting of a soft Plastazote® layer (Zotefoams, Croydon, UK) and a stiffer PORON®
layer beneath (Rogers Corporation, Chandler, Arizona). The last specimen was a SoC
tri-layer foam (Plastazote, PORON, and EVA 35A) manufactured by Amfit Inc. (Vancouver,
Washington). Those specimens underwent a cyclic compressive loading using a material
testing machine (Instron, Norwood, Massachusetts, Figure 2A).

Each specimen was loaded cyclically using a sinusoidal loading pattern from zero to peak
load to simulate an expected walking task. Specifically, a loading protocol with a total cycle
count of 1 million at a rate of 1.1 Hz and a compressive pressure of 300 kPa was designed
based on the fact that a standard pattern of use was determined to be 5,400 steps per day,

or 985.5K steps per insole in 12 months (Figure 2B) [27-29]. Standard of care insoles are
prescribed for a maximum use equivalent to 6 months of total wear, however we chose to
test all samples for a simulated period of 1 year in order to ensure safety prior to using in a
clinical application.
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Data were processed to extract stress and strain for each recorded cycle, and the compressive
elastic modulus of the sample was determined at each cycle by the following method: the
linear region of the stress vs. strain curve was approximated to be contained within the last
25% of the data, then the slope of this linear region was estimated by fitting a first-order
polynomial using the Python (Python Software Foundation, Wilmington, Delaware) Numpy
package’s polyfit function, which uses a least-squares polynomial fit method. This slope
estimation was calculated for each recorded cycle and the change in this slope value was
used as a means of comparing the tendency of each insole construction method sample to
become stiffer over the course of the loading protocol. We chose to follow this method

of characterizing and comparing the compressive modulus because the highest pressures
felt by the plantar tissue will be experienced in the last portions of the stress-strain curve.
Therefore, this is the most relevant region in which to assess the pressure-reducing ability of
a particular insole material. This method was used in several prior works and standardized
testing methods [30,31].

Shear Stiffness Characterization—To characterize the novel insole’s ability to mitigate
shear stress of the plantar tissue, the shear stiffnesses of the SoC insole and variations of the
two 3D printed insole construction methods were characterized using a Mach-1 Mechanical
Testing Machine (Biomomentum Inc., Laval, QC, Figure 3A). We prepared cylindrical
samples (nominally 31.75 mm in diameter and 8 mm in thickness) for the following insole
constructions: 1) SoC EVA with Poron-Plastazote bi-laminate top sheet; 2) 3D printed
nominal stiffness lattice-matched to SoC stiffness profile (either fully-3D printed or of
hybrid construction with Poron-Plastazote bi-laminate top sheet); 3) 3D printed sparse lattice
matching our offloading region stiffness (either fully-3D printed or with Poron-Plastazote
bi-laminate top sheet).

A loading protocol was applied to a previously untested sample of each construction via
the Mach-1 Motion Software wherein the sample was loaded in compression to a pressure
of 50 kPa, and subsequently loaded cyclically in shear to a strain of 6% for a total of

100 cycles at a rate of 1.1 Hz (Figure 3B). The duration of this preconditioning stage was
predetermined by subjecting a prior selection of samples to a total of 1,000 shear loading
cycles and calculating the change in shear stiffness versus cycle count. It was found that
after 100 cycles, all samples exhibited a change in shear stiffness of less than 1% per cycle,
therefore this was set as the threshold for shear preconditioning.

Testing data for the last shear loading cycle of each sample was recorded, including shear
load and shear displacement. These data, as well as sample geometry, were used to compare
shear stiffnesses (G) between samples. Shear stress was calculated as the ratio of shear load
to sample cross-sectional area, and shear strain was calculated as the ratio of change in shear
displacement to sample thickness. In order to avoid slight nonlinear stiffness behavior in the
initial loading stage, the last 25% of the load cycle was isolated and the slope of the shear
strain vs. shear stress data was calculated using the Python Numpy package’s built-in Polyfit
function. This method was informed by the same process as described in the compressive
stiffness characterization method above.
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Application Case Study

Results

A case study with one participant with diabetes without neuropathy or previous ulceration
was carried out (male, type Il diabetes for 6—7 years, age 71, body height: 199 cm,

body mass: 109.4 kg, BMI: 27.6 kg/m?). We followed each of the insole manufacturing
procedures detailed above to design three different pairs of insoles for the participant: one
SoC, one hybrid 3D printed insole with a bi-laminate foam top layer, and one fully-3D
printed insole. An orthotist performed the foot evaluation and foam crush box impression.
The foam crush box impression was used for the SoC insole manufacturing by one of

the hospital’s existing third-party vendors. In this case, no offloading regions were defined
for the SoC insoles based on clinical evaluation and judgments (Figure 4A). The same
impression was also 3D scanned for the creation of the hybrid and fully-3D printed insole
designs, and the participant underwent an in-shoe plantar pressure measurement. The plantar
pressure map was generated, and an offloading region was defined for this case based on the
preset cut-off pressure of 200 kPa (Figure 4B and 4C).

After all three pairs of insoles were manufactured, the participant was asked to walk 40 ft in
a straight line with one insole type at a time, and the in-shoe plantar pressure measurement
was performed again. We collected multiple gait trials until we had 4 successful trials for
each insole condition. To avoid any potential effect of fatigue, a rest session and a warm-up
session was introduced between each insole condition. Gait speed of each gait trial was
recorded using a stopwatch and we used a variation of less than 10% of gait speed to

define a successful trial. Each collected set of plantar pressure data was post-processed to
segment it into steps. The steps that occurred during gait initiation and termination phases
were removed from the analysis. The peak pressure of each sensor cell during each step was
found first and then the peak pressures were calculated across all steps in each gait trial.
Maximum peak pressure, defined as the highest peak pressure in the offloading region and
adjacent region, defined by one cell apart from the offloading region, was calculated from
the data to demonstrate the biomechanical effect of SoC and 3D printed insoles.

Material Mechanical Property Characterization

In the durability and compressive stiffness testing, the hybrid 3D printed insole sample
closely matched the durability profile of the SoC insole sample, whereas the fully-3D
printed insole sample exhibited a lower increase in stiffness over the course of 1 million
cycles (Figure 5A). At cycles 1K, 10K, 100K, and 1M, the fully-3D printed sample

showed a percent deformation of the original thickness of 3.88%, 4.30%, 5.45%, and
9.49%, respectively. At the same cycle counts, the hybrid sample showed deformation of
the original thickness of 9.91%, 20.58%, 24.13%, and 25.20%, respectively. Lastly, for the
same cycle counts, the SoC sample showed deformation of the original thickness of 10.74%,
21.08%, 23.59%, and 25.42%, respectively.

In terms of the shear stiffness (G) for each insole sample, the SoC insole sample had the
highest shear stiffness of 223 kPa, followed by the fully-3D printed nominal lattice sample
(191 kPa), the hybrid nominal lattice sample (160 kPa), the hybrid sparse lattice sample (122
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kPa), and finally the fully-3D printed sparse lattice sample (109 kPa), demonstrating that the
SoC had the highest stiffness at a given shear displacement over the range of tested shear
strain. (Figure 5B)

Application Case Study

The SoC insole without any offloading region showed an increase in peak plantar pressure
compared to the standardized footwear (MeantStandard deviation: 268.8+7.0 kPa vs. 248.8
+ 9.9 kPa) during walking. The maximum peak plantar pressure values for the hybrid and
fully-3D printed insoles in the offloading region were 207.8+ 9.6 kPa (~16.5% reduction vs.
standardized footwear) and 209.3 +2.9 kPa (~15.9% reduction vs. standardized footwear)
(Figure 6). In the region adjacent to the offloading region, the SoC reduced the peak pressure
during gait to 161.0 + 4.9 kPa compared to the SoC insole of 186.7 + 13.8 kPa. The
maximum peak plantar pressure values for the hybrid 3D printed, and fully-3D printed
insoles were 187.8+ 10.0 and 213.5+ 15.8 kPa (Figure 6).

Discussion

The goals of this work were the following: to produce a 3D printed lattice material that
matched the SoC compressive stiffness for the bilaminate foam and EVA foam; to develop
an insole material with improved durability over the SoC material; to reduce the shear
stiffness of the insole material over the SoC material; to allow the customization of insole
stiffness based on patient plantar pressure data; and to develop a repeatable workflow for
the manufacturing of patient-specific 3D printed plantar pressure-offloading insoles and
for the rigorous characterization of new 3D printed metamaterial samples for future insole
development.

We presented a novel method to design and manufacture 3D printed accommodative insoles
with patient-specific metamaterials. We also described a benchtop and human subjects
testing framework through which the impact of design parameters on the performance

of the device may be assessed in a scientifically rigorous manner. We demonstrated the
ability to control nominal lattice geometry and stiffness as well as offloading regional
geometry and stiffness. The workflow also facilitated the comparison of printing resins,
foam materials, and the combinations of each of these constituent components. We also
provided a testing protocol for compressive stiffness, compressive durability, and shear
stiffness through which the 3D printed lattice parameters can be evaluated and tuned to
produce desirable results. Lastly, we demonstrated the application of a selected elastomeric
3D printing material, EPU41, and a printing process, Carbon DLS™, within our fabrication
and material characterization workflow by producing two complete sets of patient-specific
insoles (in fully-3D printed and hybrid construction) and comparing the resulting plantar
pressure measurements with those of the SoC insole.

Durability of an insole product is a key performance metric regarding its potential clinical
effectiveness [32—34]. The ability of an insole device to mitigate plantar pressure will
change as the device stiffens, and therefore the ability of an accommodative insole to retain
its soft elasticity is critical. The deformation pattern of our 3D printed insole suggests

that we could either fully simulate the accommodative behavior with the SoC, such as
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our hybrid version, or create a different profile, such as our fully-3D printed version. A
key difference between the two novel insoles is the presence of the Plastazote top layer,
which is specifically intended to compress quickly over areas of high pressure, thereby
creating reliefs in areas of peak pressure. The decision to produce a novel insole with
Plastazote and one without allowed us to investigate the effect of this material on overall
durability performance. Furthermore, prior studies in the area of novel 3D printed insole
devices have not demonstrated an evaluation of the insoles’ durability, either alone or in
comparison to SoC insoles [12-15,21]. After subjecting representative samples for the two
novel insole variations and SoC insole to a 1 million cycle compressive loading test, it

has been demonstrated that our two novel insoles were at least as durable as the SoC for

a year’s worth of steps for an average patient with diabetes and that the fully-3D printed
insole actually demonstrated a lower increase in stiffness, suggesting a higher durability
performance. Therefore, the comfort level of the insole from a patient perspective may
match or exceed the SoC insole, which may augment patient adherence to a treatment plan
that includes regular use of the insole [35-37].

Our 3D printed insole fabrication method and material selection showed the potential to
reduce shear stress on the plantar tissue of the wearer by reducing the shear stiffness of

the fabricated insole. The SoC construction yielded the highest shear stiffness, followed by
the standard-stiffness 3D printed sample and softest-stiffness offloading region 3D printed
sample, suggesting that the novel insole product has the ability to regionally control shear
stiffness and compressive stiffness to accommodate patient-specific requirements. While
plantar shear-offloading for patients with diabetes has been investigated for its potential

to reduce rates of plantar ulceration, the clinical effects have not been fully determined
[38-40]. The investigation of shear performance warrants future study.

In this study, we focused on controlling several variables within our workflow: printing
resin, lattice geometry, offloading region geometry, and offloading region stiffness. We
chose to only test one sample of each insole construction method as a proof of concept for
our novel fabrication workflow and testing protocols. Durability testing was also performed
via a benchtop simulation of 1 year of use instead of a real-life subject use case, which
would have taken 1 year to complete but may have been a more realistic depiction of
durability performance. In our simulated loading protocol, the compression loading of 1
million cycles equated to a full test time of 10.52 days. Importantly, the standard of care
insoles are only prescribed for a use period of 6 months however we chose to test all
samples to a simulated period of 1 year in order to ensure the safety of the patients when
wearing our novel insoles prior to testing in a clinical application. Therefore, it should be
noted that the results presented in this study are limited in that they depict a sample size
of 1 for the selected test specimens over the course of a simulated lifetime. Interpretation
of the results should only be done with the understanding that we aimed to demonstrate
the potential impact of our novel workflow and testing method on the growing field of
custom 3D printed insoles. Future work will seek to utilize this workflow in order to
assess the impact of design variables, such as 3D printed lattice variables (cell size, infill
percentage, printing resin), offloading region design (geometry, nominal-sparse transition
method, offloading stiffness), and upper foam selection through clinical evaluation. Also,
the insole manufacturing workflow presented in this study could be extended to other foot
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conditions, such as rheumatoid arthritis, osteoarthritis, plantar fasciitis, and metatarsalgia,
that require custom geometry and a mixture of materials to achieve pain relief or correction.
This will allow for the further study of each of these variables independently and their
respective impact on clinical efficacy for outcome measures of interest.

Our case study results indicate that our 3D printed insole, informed by our plantar pressure
mapping workflow, successfully offloaded plantar pressure in the desired region as designed
with minimal secondary adjustment or fabrication steps. We believe that this presents an
important improvement in clinical applications by shortening the clinical time for the patient
to a single visit. In addition, with the 3D printing technology utilized in this work, multiple
insoles could be manufactured simultaneously if a patient has multiple types of footwear.
Although manually fabricated insoles have shown clinical efficacy, the strength of 3D
printing technology enables further redesign and optimization when newer materials are
available for clinical use. Our novel workflow has the potential to rigorously assess new

3D printed insole material samples for further development and refinement of this novel 3D
printed insole technology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Insole manufacturing workflow
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Figure 2.

Durability and compressive stiffness characterization. A) testing device setup (Instron), B)
loading profile (time/pressure curve)
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Figure 3.
Shear stiffness characterization. A) testing device setup (Biomomentum); B) loading profile,

the compressive force of 60 N was applied in the first 3 seconds as a preconditioning,
following a shear displacement. The horizontal force at end point was used for shear
modulus calculation.
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(A)

Figure 4.
Three pairs of insoles manufactured through our workflow. A) standard of care insole. B)

hybrid 3D printed insole with bi-laminate foam top. C) fully-3D printed insole.
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Figure5.

Mechanical properties of the insole samples. A) the young’s modulus over the course of 1
million cycles; B) shear stiffness of the insole samples.
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A representative plantar pressure distribution in a patient with diabetes during walking.

Med Eng Phys. Author manuscript; available in PMC 2022 June 21.

>200 kPa
150-200 kPa
100-150 kPa
60-100 kPa
30-60 kPa
10-30 kPa
0-10 kPa



	Abstract
	Introduction
	Methods
	Insole Design Process
	Current SoC process.
	Novel fabrication method.

	Material Mechanical Property Characterization
	Durability and Compressive Stiffness Characterization
	Shear Stiffness Characterization

	Application Case Study

	Results
	Material Mechanical Property Characterization
	Application Case Study

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

