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DUAL-LAYER INSOLE APPARATUSES FOR DIABETIC FOOT LESION
PREVENTION AND RELATED METHODS

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of priority of U.S. Provisional Patent Application
No. 62/426,896, filed on November 28, 2016. All applications listed in this paragraph are hereby

incorporated in their respective entireties.
BACKGROUND

1. Field of Invention
[0002] The present invention relates generally to insole apparatuses, and more specifically, but
not by way of limitation, to dual-layer insole apparatuses for diabetic foot lesion prevention and

related methods.

2. Description of Related Art

[0003] Footlesions, and more particularly, foot ulcers, have long been associated with elevated
plantar pressures and shear stresses in diabetic patients. Prolonged mechanical stresses and cyclic
mechanical loading in diabetic patients with peripheral neuropathy are contributing causes of some
diabetic ulcers. Studies have suggested that current footwear designed to prevent diabetic foot
ulcers has been less effective than previously anticipated.

[0004] The lifetime risk of developing a foot ulcer for diabetic patients is in the range of 15-25
percent. Diabetic foot ulcers continue to burden the U.S. healthcare system with an annual cost of
approximately $30 billion. Nearly 100,000 amputations are performed yearly, burdening the
quality of lives of diabetic patients. The fact that the 5-year mortality rate of diabetic patients with
a foot ulcer is comparable with that of some cancer patients, suggests that approximately half of
these individuals will be deceased within 5 years. Since prevention is the most effective treatment,
efforts to prevent diabetic foot ulcers before they occur may be an crucial way to avoid the costs
and social burden caused by ulcers and related amputations.

[0005] Diabetic foot ulcers often have a multifactorial pathology. Thus, preventive devices
that address only one factor at a time may not effectively prevent ulcer development. Several

footwear designs have been implemented to reduce peak pressure in diabetic patients, yet the
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prevention of foot lesions is only partially successful at best, and marginal in many cases.
Edmonds et al. observed ulceration rates of 26% in patients wearing specially designed footwear.
See Edmonds, MLE ., et al., Improved survival of the diabetic foot: the role of a specialized foot
clinic, Quarterly Journal of Medicine, 60(232), 763-771 (1986). Other reports suggest that the
ulceration rates can be as high as 28%, 30%, and 42% in studies in patients wearing specially
designed footwear. See Uccioli, L., et al., Manufactured shoes in the prevention of diabetic foot
ulcers, Diabetes Care, 18(10), 1376-1378 (1995), Dargis, V., et al., Benefits of a multidisciplinary
approach in the management of recurrent diabetic foot ulceration in Lithuania: a prospective
study, Diabetes Care, 22(9), 1428-1431 (1999), and Chantelau, E., et al., How effective is
cushioned therapeutic footwear in protecting diabetic feet? A clinical study, Diabetic Medicine,
7(4), 355-359 (1990). Another study, which investigated the use of therapeutic footwear in 400
subjects, found no significant difference in ulcer prevention rates among the intervention and
control groups. See Reiber, GE., et al., Effect of therapeutic footwear on foot reulceration in
patients with diabetes: a randomized controlled trial, The Journal of the American Medical
Association, 287(19), 2552-2558 (2002). In a systematic review by Bus et al., the effectiveness
of pressure-reducing footwear in preventing diabetic ulceration was shown to be inadequate. See
Bus, S.A,, et al., The effectiveness of footwear and offloading interventions to prevent and heal
Joot ulcers and reduce plantar pressure in diabetes: a systematic review, Diabetes Metabolism
Research & Reviews, 24 (S1), S162-S180 (2008). A recent clinical trial that explored the
effectiveness of shear-reducing insoles in diabetic ulceration did not report favorable results as
well. See Lavery, L A, et al., Shear-reducing insoles to prevent foot ulceration in high-risk
diabetic patients, Advances in Skin & Wound Care, 25(11), 519-524 (2012).

[0006] One researcher suggested that an individual with normal sensation may unconsciously
alter his or her gait to prevent excessive loading in a specific region of the foot, and that diabetic
ulcers might occur due to a lack of such selective loading in the presence of neuropathy. See Brand
P.W., Tenderizing the foot, Foot & Ankle International, 24(6), 457-461 (2003). This suggestion
has been further supported by clinical practice for pressure ulcer reduction through prepositioning
of immobile patients and the use of alternating mattresses to provide selective rest to different parts
of the body, which otherwise become vulnerable due to restricted blood perfusion and prolonged

mechanical stress.
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SUMMARY
[0007]  The present apparatuses and methods not only reduce peak pressures (e.g., via body 18)
and shear stresses (e.g., via body 62) on a plantar surface of a foot but also provide the capability
of regulating cyclic loading to given areas to facilitate the blood perfusion and address prolonged
application of repetitive mechanical loading in the foot. The present apparatuses and methods can
be utilized to prevent not only diabetic foot ulcers but also metatarsal stress fractures. The present
apparatuses and methods can be used in pain relief footwear targeted for individuals with
rheumatoid arthritis. The present apparatuses and methods can be integrated into total contact
casts and/or other offloading devices (e.g., diabetic boots) to periodically offload the ulcer site and
thereby accelerate wound healing. Gradual loading of the ulcer area may also be possible with the
present apparatuses and methods, which may contribute to faster tissue regeneration.
[0008] Key advantages of the present apparatuses and methods include: reducing localized
pressures and/or shear forces through improved fitting strategies and increased load-bearing
surface areas, automatic alteration of a patient’s gait pattern without the patient’s intervention,
facilitating blood perfusion in a foot, and reducing prolonged cyclic mechanical loading (e.g., by
periodically modulating and/or redistributing pressure and shear forces on a plantar surface of the
foot).
[0009] Some embodiments of the present insole apparatuses comprise: a body defining a
plurality of cavities configured to be coupled to a fluid source such that the fluid source can deliver
fluid to vary internal pressures of the cavities; and wherein the body defines an insole-shaped
structure.
[0010] Some embodiments further comprise a substantially flat substrate configured to be
coupled to one or more of the cavities.
[0011] In some embodiments, the body is configured to be disposed under a patient’s foot such
that one or more of the cavities is disposed under a plantar surface of at least one portion of the
patient’s foot selected from the group consisting of: a metatarsal head, a hallux, and a calcaneus
bone.
[0012] Some embodiments further comprise a flexible substrate configured to be disposed over
the cavities such that the flexible substrate matches the contours of the plurality of cavities. In
some embodiments, the flexible substrate includes a plurality of flexible substrate segments, each

of which is configured to be disposed over a respective cavity. In some embodiments, the body
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includes a plurality of protrusions extending toward the flexible substrate to define the cavities. In
some embodiments, a first one of the protrusions is separated from second one of the protrusions
by a distance between 1 millimeter (mm) and 6 mm. In some embodiments, each of the protrusions
includes an elastomeric material configured to deform when the internal pressure of the respective
cavity is varied.

[0013] Some embodiments further comprise at least one sensor configured to capture data
indicative of a pressure in one or more of the cavities.

[0014] Insome embodiments, the fluid source comprises a pump and a fluid reservoir. In some
embodiments, the fluid source comprises one or more features of the group consisting of: a pump,
one or more fluid reservoirs, a valve, a pressure regulator, and a pressurized air canister.

[0015] Some embodiments further comprise one or more valves configured to direct fluid to
one or more of the cavities.

[0016] Some embodiments further comprise: a fluid source configured to be coupled to the
cavities; and a processor configured to control the fluid source to, while pressure in a first one or
more of the cavities remains substantially constant: (a) increase pressure of a second one or more
of the cavities; (b) after a predetermined amount of time, decrease pressure of the second one or
more of the cavities; and (¢) increase pressure of a third one or more of the cavities.

[0017] In some embodiments, a first one or more of the cavities is in a first region of the body
extending from a first side of the substrate to a second side of the substrate, wherein the first region
is closer to a first end of the substrate than a second end of the substrate; a second one or more of
the cavities is in a second region of the body extending from the first region toward the first end
and along the first side; and a third one or more of the cavities are in a third region of the body
extending from the first side to the second side at the second end. In some embodiments, when in
use, the first region is configured to be disposed under a plantar surface of one or more metatarsal
heads of a foot. In some embodiments, when in use, the second region is configured to be disposed
under a plantar surface of a hallux of a foot. In some embodiments, when in use, the third region
is configured to be disposed under a plantar surface of a calcaneus bone of a foot.

[0018] Some embodiments comprise a second body defining a plurality of cavities configured
to be coupled to the fluid source such that the fluid source can deliver fluid to vary internal
pressures of the cavities, wherein, when in use, the second body is configured to be positioned

above a dorsal surface of a foot.
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[0019] Some embodiments of the present methods (e.g., for actuating an insole apparatus
having a body defining a plurality of cavities configured to be coupled to a fluid source such that
the fluid source can deliver fluid to vary internal pressures of the cavities, wherein the body defines
an insole-shaped structure) comprise: while pressure in a first one of the cavities remains
substantially constant: (1) increasing pressure of a second one of the cavities; (2) after a first
predetermined amount of time, decreasing pressure of the second one or more of the cavities;
(3) increasing pressure of a third one or more of the cavities; (4) after a second predetermined
amount of time, decreasing pressure of the third one or more of the cavities; and (5) increasing
pressure of a fourth one or more of the cavities. In some embodiments, steps (1) —(5) are controlled
by a processor. Some embodiments comprise repeating steps (1) — (5). Some embodiments
comprise simultaneously decreasing pressure of at least two of the first, second, and third one or
more of the cavities.

[0020] In some embodiments, the second one or more of the cavities is aligned with a plantar
surface of one or more metatarsal heads of a foot; the third one or more of the cavities is aligned
with the plantar surface of a hallux of the foot; and the fourth one or more of the cavities is aligned
with the plantar surface of a calcaneus bone of the foot.

[0021] In some embodiments, the pressure in the first, second, and/or third one of the cavities
is increased to a value between 0.5 pounds per square inch (psi) and 30 psi.

[0022] In some embodiments, the first predetermined amount of time is between 30 seconds to
30 minutes, and/or the second predetermined amount of time is between 30 seconds to 30 minutes.
[0023] Some embodiments of the present methods (e.g., for actuating an insole apparatus
having a body defining a plurality of cavities configured to be coupled to a fluid source such that
the fluid source can deliver fluid to vary internal pressures of the cavities, wherein the body defines
an insole-shaped structure) comprise: (1) increasing a first, second, and third one of the cavities
to a first pressure; (2) decreasing pressure of the second one of the cavities to a second pressure
while maintaining the first and third one of the cavities at the first pressure; (3) after a first
predetermined amount of time, increasing pressure of the second one of the cavities to the first
pressure; (4) decreasing pressure of the third one of the cavities to the second pressure while
maintaining the first and second one of the cavities at the first pressure; (5) after a second
predetermined amount of time, increasing pressure of the third one or more of the cavities to the

first pressure; and (6) decreasing pressure of the first one of the cavities to the second pressure
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while maintaining the second and third one of the cavities at the first pressure. In some
embodiments, steps (1) —(6) are controlled by a processor. Some embodiments comprise repeating
steps (1) — (6). Some embodiments comprise simultaneously decreasing pressure of at least two
of the first, second, and third one or more of the cavities.

[0024] In some embodiments, the first one or more of the cavities is aligned with a plantar
surface of one or more metatarsal heads of a foot; the second one or more of the cavities is aligned
with the plantar surface of a hallux of the foot; and the third one or more of the cavities is aligned
with the plantar surface of a calcaneus bone of the foot.

[0025] In some embodiments, the first pressure and/or the second pressure are between
0.5 pounds per square inch (psi) and 30 psi.

[0026] In some embodiments, the first predetermined amount of time is between 30 seconds to
30 minutes, and/or the second predetermined amount of time is between 30 seconds to 30 minutes.
[0027] The term “coupled” is defined as connected, although not necessarily directly, and not
necessarily mechanically; two items that are “coupled” may be unitary with each other. The terms
“a” and “an” are defined as one or more unless this disclosure explicitly requires otherwise. The
term “substantially” is defined as largely but not necessarily wholly what is specified (and includes
what is specified; e.g., substantially 90 degrees includes 90 degrees and substantially parallel
includes parallel), as understood by a person of ordinary skill in the art. In any disclosed
embodiment, the term “substantially” may be substituted with “within [a percentage] of” what is
specified, where the percentage includes .1, 1, 5, and 10 percent.

[0028] The phrase “and/or” means and or or. To illustrate, A, B, and/or C includes: A alone,
B alone, C alone, a combination of A and B, a combination of A and C, a combination of B and
C, or a combination of A, B, and C. In other words, “and/or” operates as an inclusive or.

[0029] The terms “comprise” (and any form of comprise, such as “comprises” and
“comprising”), “have” (and any form of have, such as “has” and “having”), and “include” (and any
form of include, such as “includes” and “including”) are open-ended linking verbs. As a result, an
apparatus that “comprises,” “has,” or “includes” one or more elements possesses those one or more
elements, but is not limited to possessing only those elements. Likewise, a method that
“comprises,” “has,” or “includes,” one or more steps possesses those one or more steps, but is not

limited to possessing only those one or more steps.
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[0030] Any embodiment of any of the apparatuses, systems, and methods can consist of or
consist essentially of — rather than comprise/have/include — any of the described steps, elements,
and/or features. Thus, in any of the claims, the term “consisting of” or “consisting essentially of”
can be substituted for any of the open-ended linking verbs recited above, in order to change the
scope of a given claim from what it would otherwise be using the open-ended linking verb.
[0031] The feature or features of one embodiment may be applied to other embodiments, even
though not described or illustrated, unless expressly prohibited by this disclosure or the nature of
the embodiments.

[0032]  Further, an apparatus that is configured in a certain way is configured in at least that
way, but it can also be configured in other ways than those specifically described.

[0033] Some details associated with the embodiments are described above, and others are

described below.

BRIEF DESCRIPTION OF THE DRAWINGS
[0034] The following drawings illustrate by way of example and not limitation. For the sake
of brevity and clarity, every feature of a given structure is not always labeled in every figure in
which that structure appears. Identical reference numbers do not necessarily indicate an identical
structure. Rather, the same reference number may be used to indicate a similar feature or a feature
with similar functionality, as may non-identical reference numbers. The figures are drawn to scale
(unless otherwise noted), meaning the sizes of the depicted elements are accurate relative to each
other for at least the embodiment depicted in the figures.
[0035] FIG. 1 is a side view of a first embodiment of the present insole apparatuses, shown
with a shoe and a control unit.
[0036] FIGs. 2 and 3 are perspective and top views, respectively, of the insole apparatus of
FIG. 1, shown without the shoe and the control unit.
[0037]  FIGs. 4A and 4B are first and second perspective views of a first embodiment of a body
that may be suitable for use in some embodiments of the present apparatuses, shown with a cavity
in a first position and a second position, respectively.
[0038] FIGs. 4C and 4D are first and second cutaway perspective views of the body of

FIGs. 4A and 4B, shown with the cavity in the first position and the second position, respectively.
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[0039] FIGs. SA and 5B are first and second perspective views of a fabricated unit of the body
of FIGs. 4A and 4B, shown with a plurality of cavities in a first position and a second position,
respectively.

[0040] FIGs. 6A and 6B are first and second perspective views of a second embodiment of a
body that may be suitable for use in some embodiments of the present apparatuses, shown with a
cavity in a first position and a second position, respectively.

[0041] FIGs. 6C and 6D are first and second cutaway perspective views of a portion of the
body of FIGs. 6A and 6B, shown with the cavity in the first position and the second position,
respectively.

[0042] FIG. 7 is a perspective view of a first fabricated unit of the body of FIGs. 6A and 6B,
with a plurality of cavities in a first position and a plurality of cavities in a second position,
respectively.

[0043] FIGs. 8 and 9 are top views of second and third fabricated units, respectively, of bodies
of the type shown in FIGs. 6A and 6B.

[0044] FIG. 10 is a top view of a first embodiment of a substrate that may be suitable for use
in some embodiments of the present apparatuses.

[0045] FIG. 11 is a side view of a second embodiment of a substrate that may be suitable for
use in some embodiments of the present apparatuses.

[0046] FIG. 12 is a schematic of a first embodiment of a control unit that may be suitable for
use in some embodiments of the present apparatuses.

[0047]  FIG. 13 depicts a conceptual flowchart showing an embodiment of the present methods
for actuating some embodiments of the present apparatuses.

[0048] FIGs. 14 and 15 depict a fabricated example of the apparatus of FIG. 1.

[0049]  FIGs. 16A-17C depict pressure modulation data of the apparatus of FIG. 1.

[0050] FIG. 18 depicts a fabricated example of the control unit of FIG. 1.

DETAILED DESCRIPTION
[0051] FIG. 1 depicts a first embodiment 10 of the present insole apparatuses. Apparatus 10 is
configured to periodically modulate and/or distribute pressure and shear stresses on a foot 14 of a
patient to prevent lesions, such as, for example, foot ulcers caused by high cyclical mechanical

loading (e.g., due to walking, running, and/or the like) and, in at least some instances, exacerbated
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by peripheral neuropathy. Apparatus 10 includes a body 18 defining a plurality of cavities 22. As
shown, body 18 defines an insole-shaped structure configured to fit in a shoe 26.

[0052] One or more of cavities 22 can be configured to be modulated by periodically increasing
and/or decreasing an internal pressure in the one or more cavities such that apparatus 10 reduces
and/or increases mechanical loading on alternating portions of a foot 14. In at least this way,
apparatus 10 prevents prolonged exposure to mechanical stresses, which can result in foot ulcers.
For example, one or more of cavities 22 can be configured to be coupled to a fluid source (e.g.,
102) such that the fluid source can deliver fluid to vary internal pressures of the one or more of the
cavities. One or more of cavities 22 can be pressurized to an initial pressure such that, when
apparatus 10 is disposed in a shoe 26, the cavities conform to a plantar surface 30 of the foot 14 to
conform to the foot of the patient. For example, one or more of cavities 22 can be filled with fluid
before fitting (e.g., before a patient puts on a shoe 26) and/or one or more of the other cavities can
be filled with fluid after fitting (e.g., while the patient wears on the shoe). In this embodiment,
two or more of cavities 22 can be filled with the same fluid. For example, two or more of cavities
22 may be in fluid communication with each other, such as to share fluid therebetween. In other
embodiments, two or more of cavities (e.g., 22) may be filled with different fluid. Fluid within
one or more of cavities 22 may comprise liquid (e.g., hydraulic fluid), gas (e.g., pneumatic fluid),
and/or the like.

[0053] Cavities 22 are arranged on body 18 such that the cavities interface with a plantar surface
30 of a foot 14. To illustrate, body 18 is configured to be disposed under a patient’s foot 14 such
that one or more of cavities 22 is disposed under a plantar surface 30 of at least one portion of the
foot selected from the group consisting of: one or more metatarsal heads, a hallux, and a calcaneus
bone.

[0054]  Apparatus 10 can comprise one or more regions (e.g., 34, 54, 58) corresponding to a
portion of body 18 configured to be disposed under one or more of one or more metatarsal heads,
a hallux, and a calcaneus bone. For example, a first region 34 of body 18 having a first one or
more of cavities 22 may be disposed between a first end 38 of the body and a second end 42 of the
body. In the depicted embodiment, first region 34 extends from a first side 46 of the body to a
second side 50 of the body. For example, first region 34 of body 18 is closer to first end 38 of
body 18 than second end 42 of the body. In this embodiment, when apparatus 10 is use, first region
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34 can be configured to be disposed under a plantar surface 30 of one or more metatarsal heads of
a foot 14.

[0055] A second region 54 of body 18 having a second one or more of cavities 22 may be
disposed between first region 34 and first end 38 of the body. More specifically, as shown, second
region 54 extends from first region 34 toward first end 38. In the embodiment shown, second
region is closer to first side 46 of body 18 than second side 50 of the body. For example, second
region 54 is disposed along first side 46. In this embodiment, when apparatus 10 is in use, second
region 54 may be configured to be disposed under a plantar surface 30 of a hallux of a foot 14.
[0056] A third region 58 of body 18 having a third one or more of cavities 22 may be disposed
at second end 42 of the body. As shown, third region 58 can extend from first side 46 to second
side 50 at second end 42 of body 18. In this embodiment, when apparatus 10 is in use, third region
58 may be configured to be disposed under a plantar surface 30 of a calcaneus bone of a foot 14.
[0057] Apparatus 10 may include a second body 62 that is substantially similar to body 18,
with the primary exception that the second body is configured to be positioned above a dorsal
surface 66 of a foot 14 to help redistribute shear stresses which normally act on the plantar surface
of the foot. In this embodiment, stress can be calculated by dividing a magnitude of mechanical
force by a surface area on which the mechanical force acts. Typically, a dorsal surface 66 of a foot
14 bears minimal pressure and/or shear stress within a shoe 26. Second body 62, however, can be
configured to reduce shear stress magnitudes on a plantar surface 30 of a foot 14. For example,
fluid in second body 62 can help reduce shear stresses that occur when mechanical forces are
applied to a plantar surface 30 of the foot (e.g., during heel contact and push-off phases). In this
way and others, second body 62 can also help with blood perfusion to a foot 14, which may be
compromised in diabetic patients.

[0058]  Cavities 22 can be prefabricated with standard sizes and/or cross-sectional shapes. For
example, one or more of cavities 22 can be triangular, rectangular, square, or otherwise polygonal,
circular, elliptical, or otherwise rounded.

[0059] Referring to FIGs. 4A-4D and FIGs. 5A and 5B, shown therein and designated by the
reference numeral 18a is an exemplary embodiment of a body, which may be suitable for use in
some embodiments of the present apparatuses 10. In this embodiment, each of cavities 22 can be
pressurized between a first position (e.g., FIGs. 4A, 4C, and 5A), in which the cavity has a first
pressure, and a second position (e.g., FIGs. 4B, 4D, and 5B), in which the cavity has a second

10
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pressure that is greater than the first pressure. Body 18a includes an elastomeric material
configured to deform when one or more of cavities 22 moves between the first and second
positions.

[0060] In the depicted embodiment, two or more adjacent cavities 22 can share a sidewall 70
such that an inflation surface 74 of the adjacent cavities is connected. In this way and others, body
18a provides a smooth transition between a cavity 22 that is in the first position and a cavity 22
that is in the second position. Sidewall 70 and/or inflation surface 74 may each have a thickness
between approximately any two of the following: 0.1,0.5, 1, 2,3, 4, 5,6, 7, 8, 9, and 10 millimeters
(mm).

[0061] Referring now to FIGs. 6A-6D and FIGs. 7-9, shown therein and designated by the
reference numeral 18b is an exemplary embodiment of a body, which may be suitable for use in
some embodiments of the present apparatuses 10. In this embodiment, each of cavities 22 can be
pressurized between a first position (e.g., FIGs. 6A and 6C), in which the cavity has a first pressure,
and a second position (e.g., FIGs. 6B and 6D), in which the cavity has a second pressure that is
greater than the first pressure. In the depicted embodiment, body 18b can include a
(e.g., substantially flat) substrate 78 configured to be coupled to one or more of cavities 22. More
specifically, body 18b can include a plurality of protrusions 82 extending from substrate 78 to
define one or more of cavities 22. In this embodiment, one or more protrusions 82 can include an
elastomeric material configured to deform when a respective cavity 22 moves between the first
and second positions.

[0062]  As shown, each cavity 22 is defined by a sidewall 70 and an inflation surface 74. In this
embodiment, adjacent cavities 22 do not share a sidewall 70, and thus, adjacent inflation surfaces
74 are disconnected. In the depicted embodiment, one of protrusions 82 is separated from an
adjacent one of the protrusions by a distance between approximately any two of the following: 0.5,
1,15,2,25,3,3.5,4,45,5,5.5, and 6 mm.

[0063] Inthe depicted embodiment, apparatus 10 includes a flexible substrate 86 configured to
distribute pressure (e.g., from weight of the patient) among one or more of cavities 22 and to
maximize contact with a plantar surface 30 of a foot 14. As shown, substrate 86 is configured to
be disposed over a plurality of cavities 22 such that the substrate matches the contours of the cavity.
Substrate 86 may comprise a soft and/or flexible material, such as, for example, rubber and/or

foam. Substrate 86 may be filled with a fluid (e.g., gel, air, water, oil, and/or the like). As shown,
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substrate 86 can be substantially flat such that the substrate is in contact with only a plantar
surface 30 of a foot 14. In other embodiments, a substrate (e.g., 86) may be curved such that the
substrate contacts medial and/or lateral sides of a foot (e.g., 14). In this way and others, substrate
86 can conform to a plantar surface 30 of a foot 14 regardless of pressure in cavities 22.

[0064] Referring now to FIG. 11, shown therein and designated by the reference numeral 86a
is a second embodiment of the present flexible substrates. Substrate 86a is substantially similar to
substrate 86, with the primary exception that substrate 86a includes a plurality of flexible substrate
segments 90, each of which is configured to be disposed over a respective cavity 22 of body 18.
By dividing substrate 86a into segments 90, the substrate allows for more selective pressure
modulation. For example, when one of cavities 22 is pressurized, material of substrate 86a that is
adjacent to the pressurized cavity (e.g., one or more segments 90 on adjacent cavities 22) is not
constrained to deflect upwards as it would be if the substrate was continuous (e.g., similar to
substrate 86).

[0065] Referring additionally to FIG. 12, apparatus 10 includes a control unit 94 configured to
control modulation of cavities 22. Control unit 94 comprises a housing 98 configured to hold one
or more components of the control unit. Housing 98 is configured to be coupled to an article of a
patient’s clothing (e.g., on an outer surface of a shoe 26, a belt buckle, a belt loop, and/or the like)
and/or carried by the patient (e.g., in a container, bag, and/or the like).

[0066] Control unit 94 comprises a fluid source 102 configured to control pressure within one
or more cavities 22. For example, fluid source 102 includes a pump 106 and a fluid reservoir 110
that is coupled to body 18 via one or more conduits 114 (e.g., pneumatic, hydraulic, electronic,
and/or the like) such that the fluid source is in communication with one or more of cavities 22 via
the conduits. In some embodiments, a fluid source (e.g., 102) can comprise any suitable
combination of a pump (e.g., 106), a pressure regulator, a valve, a secondary fluid reservoir, and/or
a pressurized air canister coupled to one or more components of a control unit (e.g., 94). For
example, in some embodiments, a fluid source (e.g., 102) comprises a pump (e.g., 106) and a
pressure regulator, a pump (e.g., 106) and a valve, a pump (e.g., 106) and a secondary fluid
reservoir, and/or a pressurized air canister. Control unit 94 includes one or more valves 118 (e.g., a
ball valve and/or the like that can comprise any suitable configuration, such as, for example, two-
port two-way (2P2W), 2P3W, 2P4W, 3P4W) configured to selectively control fluid flow between

one or more of cavities 22 and fluid source 102.
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[0067] In this embodiment, control unit 94 comprises one or more sensors 122 configured to
capture data indicative of a pressure in one or more of the cavities. For example, at least one sensor
122 may include a pressure sensor (e.g., a piezoelectric pressure sensor, strain gauge, and/or the
like).

[0068] Control unit 94 may include one or more wireless communication components 126
configured to communicate with a peripheral apparatus (e.g., a computer, a mobile phone, a tablet,
and/or the like) such that a patient and/or clinician can control apparatus 10 using the peripheral
apparatus. For example, wireless communication components 126 can be in electrical and/or fluid
communication with and/or communicate data from sensors 122, valves 118, and/or fluid source
102 through processor 134 to a peripheral device. Control unit 94 may be powered by one or more
batteries 130. For example, battery 130 is configured to provide electrical power to one or more
components of control unit 94 (e.g., pump 106, valves 118, sensors 122, components 126, and/or
a processor (e.g., 134)).

[0069] Control unit 94 may include a processor 134 configured to control fluid source 102 to,
while pressure in a first one or more of cavities 22 remains substantially constant: (a) increase
pressure of a second one or more of the cavities; (b) after a predetermined amount of time, decrease
pressure of the second one or more of the cavities; and (¢) increase pressure of a third one or more
of the cavities.

[0070] For example, to inflate one or more cavities 22, pump 106 moves fluid from fluid
reservoir 110 to pressurize the one or more cavities. When the desired pressure is reached, pump
106 is switched off and one or more of valves 118 corresponding to one or more of cavities 22 is
closed to seal the cavity(ies). In embodiments where fluid in one or more of cavities 22 comprises
a gas (e.g., air), the cavity may be deflated by, for example, opening one or more of valves 118 to
atmosphere pressure to bleed off pressure in the cavity until a desired pressure is reached. In other
embodiments, to deflate one or more cavities (e.g., 22), fluid in the cavity may be moved to a
reservoir (e.g., 110) via one or more conduits (e.g., 114). One or more of sensors 122 can be used
to monitor the pressure of one or more of cavities 22 during inflation and/or deflation and can
provide the pressure data to processor 134. Processor 134 can control a duration of time of the
inflation and/or deflation, operation of pump 106, opening and/or closing of one or more of valves
118, and ensure the proper level of inflation is achieved in one or more cavities 22 by monitoring

internal pressure of the cavities via sensors 122.
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[0071] Apparatus 10 can be configured to facilitate specifying which cavities 22 are inflated
and/or deflated, a duration of time that the cavities are inflated and/or deflated, an internal pressure
of the cavities, and/or the like. In this way and others, apparatus 10 selectively cyclically offloads
selected regions of a foot 14 so that each region is prevented from being exposed to prolonged
excessive mechanical stresses. To illustrate, FIG. 13 depicts an embodiment 138 of the present
methods. Method 138 can be implemented, in part or in whole, by processor 134.

[0072] At step 142, cavities 22 (e.g., most or all of the cavities) are inflated to a first
(e.g., predetermined) pressure. At step 146, while a first one or more of the cavities 22 remain
pressurized at the first pressure, a second one or more cavities 22 are deflated to a second
(e.g., predetermined) pressure that is less than the first pressure. Thereafter, the pressure of cavities
22, whether at the first pressure or at the second pressure, is held for a (e.g., predetermined)
duration of time. At step 150, the second one or more cavities 22 that are pressurized at the second
pressure are inflated to be pressurized at the first pressure. At step 154, while the first and second
one or more cavities 22 remain pressurized at the first pressure, a third one or more of cavities 22,
different from the first and second one or more cavities, is deflated to the second pressure.
Thereafter, the pressure of cavities 22, whether at the first pressure or at the second pressure, is
held for a predetermined amount of time. At step 158, the third one or more cavities 22 that are
pressurized at the second pressure are inflated to be pressurized at the first pressure. At step 162,
while the first, second, and third cavities 22 remain pressurized at the first pressure, a fourth one
or more of cavities 22, different from the first, second, or third one or more cavities, is deflated to
the second pressure. Thereafter, the pressure of cavities 22, whether at the first pressure or at the
second pressure, is held for a predetermined amount of time.

[0073] In this embodiment, the predetermined amount of time that cavities 22 are held at the
first pressure and/or second pressure (e.g., in steps 146, 154, 162) can be the same or different.
For example, the predetermined amount of time that cavities 22 are held at the first pressure and/or
second pressure can be approximately between any two of: 10 seconds (sec), 15 sec, 30 sec, 45 sec,
1 minute (min), 5 min, 10 min, 15 min, 20, min, 25 min, and 30 min. In some embodiments,
pressure in one or more cavities (e.g., 22) can be held substantially constant while all steps (e.g.,
142-162) of a method (e.g., 138) are performed (e.g., held substantially constant at a deflated
pressure in order to accommodate preexisting foot lesions, such as ulcers and/or the like). For

further example, processor 134 may be configured such that all steps (e.g., 142-162) of method
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138 are performed at a predetermined frequency, such as, for example, every 5, 10, 15, 20, 25, 30,
45, 60, 75, or 90 min. One or more steps 142-162 of method 138 can be repeated any appropriate
number of times. One or more steps 142-162 of method 138 can be performed simultaneously.
For example, method 138 can include simultaneously decreasing pressure of at least two of the
first, second, and third one or more cavities 22.
[0074] In the depicted embodiment, the first pressure and/or the second pressure can be any
suitable pressure, such as, for example, between approximately any two of: 0.25, 0.5, 0.75, 1.0,
2.0,3.0,40,5.0, 10, 15, 20, 25, 30, 35, 40, 45, and 50 pounds per square inch (psi). In some
embodiments, a method (e.g., 138) includes a step where feedback data from a sensor (e.g., 134)
is used to determine the duration of time and pressure level at which one or more cavities (e.g., 22)
are operated during each step of the method.
[0075] Inthis embodiment, the first one or more cavities 22 of method 138 can be aligned with
a plantar surface 30 of one or more metatarsal heads of a foot 14, the second one or more of the
cavities of the method can be aligned with the plantar surface of a hallux of the foot, and the third
one or more of the cavities of the method can be aligned with the plantar surface of a calcaneus
bone of the foot.

EXAMPLES
[0076] The present invention will be described in greater detail by way of specific examples.
The following examples are offered for illustrative purposes only and are not intended to limit the
invention in any manner. Those of skill in the art will readily recognize a variety of noncritical
parameters that can be changed or modified to yield essentially the same results.

Pressure Mapping and Modulation using Apparatuses of the Present Disclosure
[0077]  An apparatus (e.g., 10) having a body (e.g., 18) sized for a male shoe size 10.5 was
tested to record and analyze pressure mapping and modulation during walking. The body was
fabricated using silicone rubbers through a combination of compression molding and over molding
techniques. As shown in FIG. 14, the body was integrated with a segmented substrate (e.g., 86a)
during the fabrication. Referring additionally to FIG. 15, the body and the substrate were both
disposed within a shoe (e.g., 26) for testing.

[0078]  During testing, the apparatus was worn by an individual exhibiting no symptoms of foot
lesions. During testing, an interface pressure sensor was used to verify the pressure mapping and

modulation capabilities of the present apparatus. As described herein, interface pressure describes
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the pressure exerted by the apparatus on the plantar surface of the individual’s foot at the interface
between the apparatus and the foot.

[0079] The individual wore the apparatus, which had cavities (e.g., 22) that were pressurized
at 14 kPa, in the left shoe and held a standing position (i.e., no walking) for approximately 30
seconds. The plotted internal pressures (e.g., within one or more cavities (e.g., 22)) of the
apparatus and interface pressures exerted on the plantar surface of the individual’s foot are seen in
the FIG. 16A and 16B, respectively. FIGs. 16A and 16B show that the internal and interface
pressures shared a similar pressure distribution. That is, internal pressure within a respective
cavity was higher in the same region where the interface pressure was higher and vice versa.
Therefore, it was determined that, because internal pressure could be directly correlated to
interface pressure, the interface pressure sensor could be eliminated during the actual use of the
apparatus. As such, it was determined that varying internal pressure of one or more cavities could
be used to modulate the interface pressure exerted on the plantar surface of the individual’s foot at
least due to the direct relationship between these two measurements.

[0080] Next, the pressure mapping and modulation capabilities of the apparatus were tested
while the individual walked on a treadmill. The individual wore the apparatus in each shoe to
ensure balance during the walking motion. The apparatus in the left shoe had cavities that were
pressurized at approximately 6.89 kPa and the apparatus in the right shoe had cavities that were
maintained at zero gauge pressure (i.e., non-pressurized). The individual walked at a constant
speed of 2 miles per hour on the treadmill for approximately 2 minutes. A control unit (e.g., 94)
was able to continuously record the pressure data within each gait cycle with a data sampling rate
of 100 Hz.

[0081] During walking, the internal pressure within the cavities of a region (marked as region
6 in FIG. 17A) of the body was relieved to reduce the interface pressure at the corresponding area
of the plantar surface of the individual’s foot. As shown in FIG. 17A, region 6 is configured to be
aligned with one or more metatarsal heads of the individual’s foot. FIG 17B shows the average
interface pressure within the body of the apparatus, before pressure at region 6 was offloaded.
FIG. 17C shows the average interface pressure within the body of the apparatus, after pressure at
region 6 was offloaded. As a comparison of FIGs. 17A and 17B clearly indicates, the body
exhibited a significant pressure reduction in region 6 after reducing the internal pressure within

the cavities of region 6 while the individual kept walking. Thus, by modulating the internal
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pressure within the cavities of the body, the interface pressure between the body and the plantar
surface of the individual’s foot was also modulated.

[0082] Referring additionally to FIG. 18, shown therein is the control unit used to record
pressure data and control pressures within the cavities of the body. As shown in FIG. 18, the
control unit included a microcontroller (e.g., 134), an array of sensors (e.g., 122), an array of
solenoids mounted on manifolds (e.g., 118), an air pump (e.g., 106) and supply indicators. These
components were continuously monitored and controlled by the microcontroller. The array of
sensors facilitated the microcontroller in acquiring data indicative of pressure within the cavities
of the body. The solenoids and manifold assembly provided a regulated pressure to the cavities.
[0083] The sensors acquired data indicative of the pressure within pneumatic lines (e.g., 114)
between the cavities and the respective solenoids. For pressure modulation of individual or a group
of cavities, the microcontroller controlled the switching of the solenoids based on sensed pressure
data and commanded pressure data. As a result, internal pressure within the cavities was increased
or decreased to match the commanded pressure data. The commanded pressure data was either
provided manually or was determined algorithmically by the microcontroller.

[0084]  The control unit was operated through a Graphical User Interface (GUI), where a user
inputted commands that were processed by the microcontroller. The GUI provided an easier
control of the system and allowed the user to perform operations, such as, continuous monitoring
and recording of the internal pressure of the cavities, selection of the cavities to be modulated,
commanding the selected cavities to a set pressure for pressure offloading and redistribution
purposes.

[0085] The air supply from the pump was connected to a sensor and an inline solenoid to
provide a regulated air supply to the manifolds. The sensor provided feedback regarding the
pressure supplied by the air pump and the inline solenoid was switched to control the air supply
from the pump to and from the cavities.

[0086] Some embodiments of the present methods for actuating an insole apparatus (e.g., 10)
having a body (e.g., 18) defining a plurality of cavities (e.g., 22) configured to be coupled to a
fluid source (e.g., 102) such that the fluid source can deliver fluid to vary internal pressures of the
cavities, wherein the body defines an insole-shaped structure, the method comprises, while
pressure in a first one of the cavities remains substantially constant: (1) increasing pressure of a

second one of the cavities; (2) after a first predetermined amount of time, decreasing pressure of
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the second one or more of the cavities; (3) increasing pressure of a third one or more of the cavities;
(4) after a second predetermined amount of time, decreasing pressure of the third one or more of
the cavities; and (5) increasing pressure of a fourth one or more of the cavities.

[0087] In some methods, the second one or more of the cavities (e.g., 22) is aligned with a
plantar surface of one or more metatarsal heads of a foot (e.g., 14), the third one or more of the
cavities is aligned with the plantar surface of a hallux of the foot; and the fourth one or more of
the cavities is aligned with the plantar surface of a calcaneus bone of the foot.

[0088] In some methods, the pressure in the first, second, and/or third one of the cavities
(e.g., 22) is increased to a value between 0.5 pounds per square inch (psi) and 30 psi, such as, for
example, between 0.5 psi and 15 psi.

[0089] In some methods, the first predetermined amount of time is between 30 seconds to
30 minutes, and/or the second predetermined amount of time is between 30 seconds to 30 minutes.
[0090] In some methods, steps (1) — (5) are controlled by a processor (e.g., 134). In some
methods, steps (1) — (5) are repeated. Some methods comprise simultaneously decreasing pressure
of at least two of the first, second, and third one or more of the cavities (e.g., 22).

[0091] The above specification and examples provide a complete description of the structure
and use of illustrative embodiments. Although certain embodiments have been described above
with a certain degree of particularity, or with reference to one or more individual embodiments,
those skilled in the art could make numerous alterations to the disclosed embodiments without
departing from the scope of this invention. As such, the various illustrative embodiments of the
methods and systems are not intended to be limited to the particular forms disclosed. Rather, they
include all modifications and alternatives falling within the scope of the claims, and embodiments
other than the one shown may include some or all of the features of the depicted embodiment. For
example, elements may be omitted or combined as a unitary structure, and/or connections may be
substituted. Further, where appropriate, aspects of any of the examples described above may be
combined with aspects of any of the other examples described to form further examples having
comparable or different properties and/or functions, and addressing the same or different problems.
Similarly, it will be understood that the benefits and advantages described above may relate to one

embodiment or may relate to several embodiments.

18



WO 2018/098463 PCT/US2017/063400

[0092] The claims are not intended to include, and should not be interpreted to include, means-
plus- or step-plus-function limitations, unless such a limitation is explicitly recited in a given claim

using the phrase(s) “means for” or “step for,” respectively.
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CLAIMS

1. A insole apparatus comprising:
a body defining a plurality of cavities configured to be coupled to a fluid source such that
the fluid source can deliver fluid to vary internal pressures of the cavities; and

wherein the body defines an insole-shaped structure.

2. The apparatus of claim 1, comprising a substantially flat substrate configured to be coupled

to one or more of the cavities.

3. The insole apparatus of claims 1 or 2, wherein the body is configured to be disposed under
a patient’s foot such that one or more of the cavities is disposed under a plantar surface of at least
one portion of the patient’s foot selected from the group consisting of: a metatarsal head, a hallux,

and a calcaneus bone.

4. The apparatus of any of claims 1-3, comprising a flexible substrate configured to be
disposed over the cavities such that the flexible substrate matches the contours of the plurality of

cavities.

5. The apparatus of claim 4, where the flexible substrate includes a plurality of flexible

substrate segments, each of which is configured to be disposed over a respective cavity.

6. The apparatus of claims 1-5, wherein the body includes a plurality of protrusions extending

toward the flexible substrate to define the cavities.

7. The apparatus of claim 6, wherein a first one of the protrusions is separated from second

one of the protrusions by a distance between 1 millimeter (mm) and 6 mm.

8. The apparatus of claims 6 or 7, wherein each of the protrusions includes an elastomeric

material configured to deform when the internal pressure of the respective cavity is varied.

9. The apparatus of any of claims 1-8, comprising at least one sensor configured to capture

data indicative of a pressure in one or more of the cavities.
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10.  Theapparatus of any of claims 1-9, wherein the fluid source comprises one or more features
of the group consisting of: a pump, one or more fluid reservoirs, a valve, a pressure regulator, and

a pressurized air canister.

11.  The apparatus of any of claims 1-10, comprising one or more valves configured to direct

fluid to one or more of the cavities.

12. The apparatus of claims 1-11, comprising:
a fluid source configured to be coupled to the cavities; and
a processor configured to control the fluid source to, while pressure in a first one or more
of the cavities remains substantially constant:
(a) increase pressure of a second one or more of the cavities;
(b) after a predetermined amount of time, decrease pressure of the second one
or more of the cavities; and

(©) increase pressure of a third one or more of the cavities.

13.  The apparatus of claims 1-11, wherein:

a first one or more of the cavities is in a first region of the body extending from a first side
of the substrate to a second side of the substrate, wherein the first region is closer
to a first end of the substrate than a second end of the substrate;

a second one or more of the cavities is in a second region of the body extending from the
first region toward the first end and along the first side; and

a third one or more of the cavities are in a third region of the body extending from the first

side to the second side at the second end.

14.  The apparatus of claim 13, wherein, when in use, the first region is configured to be

disposed under a plantar surface of one or more metatarsal heads of a foot.

15. The apparatus of either claim 13 or 14, wherein, when in use, the second region is

configured to be disposed under a plantar surface of a hallux of a foot.

16.  The apparatus of any of claims 13-15, wherein, when in use, the third region is configured

to be disposed under a plantar surface of a calcaneus bone of a foot.
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17. The apparatus of any of claims 1-16, comprising a second body defining a plurality of
cavities configured to be coupled to the fluid source such that the fluid source can deliver fluid to
vary internal pressures of the cavities, wherein, when in use, the second body is configured to be

positioned above a dorsal surface of a foot.

18. A method for actuating an insole apparatus having a body defining a plurality of cavities
configured to be coupled to a fluid source such that the fluid source can deliver fluid to vary
internal pressures of the cavities, wherein the body defines an insole-shaped structure, the method
comprising:
while pressure in a first one of the cavities remains substantially constant:
(1)  increasing pressure of a second one of the cavities;
(2) after a first predetermined amount of time, decreasing pressure of the
second one or more of the cavities;
(3)  increasing pressure of a third one or more of the cavities;
4) after a second predetermined amount of time, decreasing pressure of the
third one or more of the cavities; and

(5)  increasing pressure of a fourth one or more of the cavities.

19. The method of claim 18, wherein:
the second one or more of the cavities is aligned with a plantar surface of one or more
metatarsal heads of a foot;
the third one or more of the cavities is aligned with the plantar surface of a hallux of the
foot; and
the fourth one or more of the cavities is aligned with the plantar surface of a calcaneus bone

of the foot.

20. The method of claim 18 or 19, wherein the pressure in the first, second, and/or third one of

the cavities is increased to a value between 0.5 pounds per square inch (psi) and 30 psi.

21. The method of claims 18-20, wherein the first predetermined amount of time is between
30 seconds to 30 minutes, and/or the second predetermined amount of time is between 30 seconds

to 30 minutes.
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22. The method of any of claims 18-21, wherein steps (1) — (5) are controlled by a processor.
23. The method of any of claims 18-22, comprising repeating steps (1) — (5).

24, The method of any of claims 18-23, comprising simultaneously decreasing pressure of at

least two of the first, second, and third one or more of the cavities.

25. A method for actuating an insole apparatus having a body defining a plurality of cavities
configured to be coupled to a fluid source such that the fluid source can deliver fluid to vary
internal pressures of the cavities, wherein the body defines an insole-shaped structure, the method
comprising:
(1)  increasing a first, second, and third one of the cavities to a first pressure;
(2) decreasing pressure of the second one of the cavities to a second pressure while
maintaining the first and third one of the cavities at the first pressure;
(3) after a first predetermined amount of time, increasing pressure of the second one of
the cavities to the first pressure;
4) decreasing pressure of the third one of the cavities to the second pressure while
maintaining the first and second one of the cavities at the first pressure;
(5) after a second predetermined amount of time, increasing pressure of the third one
or more of the cavities to the first pressure; and
(6) decreasing pressure of the first one of the cavities to the second pressure while

maintaining the second and third one of the cavities at the first pressure.

26. The method of claim 25, wherein:
the first one or more of the cavities is aligned with a plantar surface of one or more
metatarsal heads of a foot;
the second one or more of the cavities is aligned with the plantar surface of a hallux of the
foot; and
the third one or more of the cavities is aligned with the plantar surface of a calcaneus bone

of the foot.

27. The method of claim 25 or 26, wherein the first pressure and/or the second pressure are

between 0.5 pounds per square inch (psi) and 30 psi.
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28. The method of claims 25-27, wherein the first predetermined amount of time is between
30 seconds to 30 minutes, and/or the second predetermined amount of time is between 30 seconds

to 30 minutes.
29. The method of any of claims 25-28, wherein steps (1) — (6) are controlled by a processor.
30. The method of any of claims 25-29, comprising repeating steps (1) — (6).

31 The method of any of claims 25-30, comprising simultaneously decreasing pressure of at

least two of the first, second, and third one or more of the cavities.
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means
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the priority date claimed

“T” later document published after the international filing date or priority
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the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
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“Y” document of particular relevance; the claimed invention cannot be
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Box No. I1 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.: 4-17, 21-24, 28-31
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. E] As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.;

4. I:] No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:l No protest accompanied the payment of additional search fees.
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