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NEGATIVE PRESSURE WOUND CLOSURE DEVICES AND METHODS
RELATED APPLICATIONS

This application is a continuation-in-part of U.S. Patent Application No. 15/629,596,
filed June 21, 2017, which is a continuation-in-part of International Patent Application No.
PCT/US2016/067051, filed December 15, 2016, which is a continuation-in-part of U.S.
Patent Application 15/066,527, filed March 10, 2016, and which claims priority to U.S.
Provisional Patent Application 62/267,728, filed December 15, 2015, the contents of the

above applications being incorporated herein by reference in their entireties.
BACKGROUND OF THE INVENTION

A variety of wounds are now being treated using negative pressure wound therapy.
However, many of these wounds have characteristics that limit the effectiveness of existing
techniques. Wound dehiscence, in which the wound margins have substantial separation,
pose significant problems in reapproximation of tissue and wound drainage. For example,
there are a large number of patients undergoing amputations in the United States every year.
These have different causes including traumatic injury, peripheral vascular disease, diabetes
mellitus, and chronic venous insufficiency. Patients with diabetic conditions, for example,
often suffer from restricted blood flow that can lead to tissue necrosis at the body extremities.
For patients with severe symptoms, a transmetatarsal amputation (TMA) may be
recommended to remove afflicted tissue while still salvaging a portion of the foot. In many
cases, a transtibial or below-knee amputation (BKA) must be performed. An important factor
in the recovery of a patient from amputation is how quickly the wound can be closed.
Because the gap between tissue margins can be large, the wound is manually closed by
suturing. There must be ongoing attention to prevent complications such as infection, wound
dehiscence, and/or ischemia. The use of an immediate post-operative prosthesis (IPOP) is
commonly employed to reduce the recovery period for BKA procedures, for example.

Other examples of wounds that can be difficult to achieve approximation of the
wound margins can include ulcers in which the wound opening is surrounded by tissue
overlying a cavity. The undermining of the tissue surrounding the wound opening can often
present problems in drainage and rapid wound closure. There are also open wounds that can
occur in both the extremities and the abdominal regions in which the wound margins must

rotate over a substantial distance, often up to several centimeters or more, to achieve
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approximation of the margins. Thus a continuing need exists for improvements in wound
closure devices and methods.

SUMMARY OF THE INVENTION

This disclosure relates to embodiments of negative pressure wound closure devices,
systems, and methods for wounds resulting from amputation or other open wounds having
non-aligned wound margins. In preferred embodiments, the system includes a negative
pressure source and a collapsing structure that is placed on the wound to provide directed
preferential closure. The collapsing structure can include embodiments in which a
compressive force is imparted to tissue surrounding the wound or to tissue on the sides of a
wound opening with a compression wound closure device that is operative to assist in the
closure of a wound cavity. Thus, the collapsing structure can include, be attached to, or
operate in conjunction with, a compression structure that operates to apply a force to the
tissue adjoining an open wound to move a wound margin to a more closed position. In a
preferred embodiment, a collapsing compression structure includes a number of cells
separated by rigid or semi-rigid membranes that are hinged together at joints. In a preferred
embodiment of the compression wound closure device, the structure changes conformation
during a procedure to facilitate closure of the wound. The structure, in combination with the
application of negative pressure, exerts a force to the wound to facilitate closure of the wound
from the deepest internal point. The structure can be rigid, or alternatively, be pre-stressed to
exert a compression force on the wound to more quickly bring the wound margins together.

Preferred embodiments of wound closure devices described herein can include scale
elements that enable collapse of structures within an open wound and/or above the wound.
The scales can comprise a detached collapsible layer, or can comprise discrete elements
mounted to an overlying collapsing structure. The scale elements can have different shapes
and sizes, such as circular or combinations of curved and flat edges, operative to interact with
adjacent elements that enable collapse of the connected structures and provide fluid flow
through the structure during application of negative pressure. The scale elements can have
one or more rounded edges to facilitate sliding relative to tissue during placement and/or
operation. The scale elements can have surfaces and/or edges that have a convex or concave
shape. The scale elements can have shapes that generally conform to the arcuate shape of the
wound or tissue surfaces contacting the scale elements. Thus, as the collapsing structure
moves along an arcuate path, the scale elements move to facilitate an efficient movement of

the structure which provides for closure of the wound margins. The arcuate shape can extend
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along one axis, such as a cylindrical shaped path or along two arcuate paths as in a domed
structure. Alternatively, the scale elements can be curved or flat and sized to enable collapse
without overlapping adjacent scale elements, scale elements can also include elastic elements
or covering to enable movement and reducing friction with the tissue surfaces. The smaller
sized scales are consequently spaced apart during wound closure but can abut one another
after collapse. Note that a collapsing structure can comprise a single unit that is both
positioned in the wound and above the wound.

A pressure applying device can comprise a bladder in which a fluid under pressure is
used to regulate the amount of force applied to the wound. This drainless wound closure
device can include temperature and/or pressure sensors and a control system to regulate fluid
pressure within a range.

Preferred embodiments can include a drainless wound closure device in which a
pressure applying device is positioned external to a wound opening. The pressure applying
device contacts the tissue overlying or adjacent to the wound to apply a closure force that is
operative to approximate the wound margins. This can be used in abdominal flap surgery, for
example, in which sufficient pressure is applied to prevent the migration of fluids into the
wound that must be drained from the wound. The applied pressure should not be so high as
to cause injury to the wound that can arise due to the loss of blood flow, for example.

The device can be used without any sutures in cases where the skin on opposite sides
of the wound is sufficiently aligned. Alternatively, sutures can be used to provide alignment
in the case of a wound where the margins and/or the overlying skin are not well aligned or are
not amenable to restructuring to make them so aligned.

Wound closure of open wounds in which the wound margins are not substantially
parallel can include the amputation of limbs or other regions of the body having substantially
curved contoured regions. Wound closure devices fitting over and/or within the wound can
require an arcuate shape to be effective to close such wounds. Often different depths within
the wound will close at different rates upon the application of negative pressure. It is critical
to provide arcuately shaped devices that are effective to close the deeper portions of the
wound margins in advance of the shallower portions to avoid the creation of separated wound
margin regions that are not visible.

Wound closure devices in accordance with the invention can include one or more
device components that are inserted within the wound to facilitate wound closure. A preferred
embodiment can employ a double sided anchoring matrix that is inserted in all or a portion of

the wound that will attach to both wound margins. The matrix can have apertures extending
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through the matrix to facilitate wound margin contact through the apertures. One or both
sides of the matrix can have tissue anchors to grasp the margin surfaces. Adhesive material
can also be used as a tissue anchor material. The matrix can comprise a bio-absorbable
material that does not need to be removed from the wound upon wound closure. A further
preferred embodiment uses an arcuately shaped closure device in which an outer portion has
a larger dimension then an inner portion as the outer portion has a substantially greater length
upon insertion into the wound.

In another preferred embodiment for treating an open wound, a common problem
involves the drainage and closure of ulcerative conditions. A collapsing structure using
negative pressure around therapy and a compression device that is operative to apply a force
to the tissue surrounding the wound can also be used to facilitate wound closure. This

procedure can also be used with or without sutures to close the wound.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a wound closure device applied to a wound in accordance with
various embodiments of the present invention.

FIG. 2 illustrates a wound closure device applied to a wound after initial application
of negative pressure in accordance with various embodiments of the present invention.

FIG. 3 illustrates a wound closure device applied to a wound after application of
negative pressure in accordance with various embodiments of the present invention.

FIG. 4 illustrates a wound closure device applied to a wound after application of
negative pressure in accordance with various embodiments of the present invention.

FIG. 5A illustrates exemplary compression structures and cell shapes in accordance
with various aspects and embodiments of the present invention.

FIG. 5B illustrates a single cell shape of the structure shown in FIG. 5A under
compression.

FIGs. 5C and 5D illustrate three-dimensional representations of exemplary
compression structures in accordance with various embodiments of the present invention.

FIGs. 5E and SF illustrate top views of collapse of a wall of a cell in a compression
structure according to various embodiments of the present invention.

FIG. 5G illustrates a perspective view of collapse of a wall of a cell in a compression

structure according to various embodiments of the present invention.
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FIG. 6 illustrates a wound closure device including additional structural and drainage
elements according to some embodiments of the invention.

FIGs. 7A and 7B illustrate an exemplary cell structure for a compression structure in
accordance with various embodiments of the invention.

FIGs. 8A, 8B, and 8C illustrate further cell structure for a compression structure in
accordance with various embodiments of the invention.

FIG. 9 illustrates an example anchoring system included in a wound closure device in
accordance with various embodiments of the present invention.

FIG. 10 illustrates several grasping features for an anchoring system in accordance
with embodiments of the present invention.

FIG. 11 is a schematic diagram of a surgical wound drainage device and related
equipment according to some embodiments of the invention.

FIGs. 12A-C show illustrations of embodiments of an adhesion matrix having
different types of tissue contact apertures. FIG. 12D is an illustration of an adhesion matrix
embodiment possessing tissue anchors on its surface. FIG. 12E shows a cross-sectional view
of the adhesion matrix of FIG. 12D.

FIGs. 13A-13C illustrate end views of progressive steps of an exemplary compression
structure during compression in accordance with various embodiments of the present
invention.

FIGs. 13D-13F illustrate cross-sectional top views corresponding to the end views of
FIGs. 13A-13C, respectively.

FIG. 13G illustrates a portion of a compression structure in an extended state in
accordance with various embodiments of the present invention.

FIGs. 13H and 131 illustrate portions of the compression structure in extended and
collapsed states, respectively, in accordance with various embodiments of the present
invention.

FIG. 13]J illustrates a portion of a compression structure in a collapsed state in
accordance with various embodiments of the present invention.

FIG. 14 illustrates a wound closure device with enhanced force application in
accordance with various embodiments of the present invention.

FIG. 15A illustrates a cross-sectional view of a decubitis ulcer injury in a tissue.

FIG. 15B illustrates a wound closure device applied to the decubitus ulcer injury

according to various embodiments of the present invention.
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FIG. 15C illustrates the wound closure device of FIG. 15B upon application of
negative pressure to the device in accordance with various embodiments of the present
invention.

FIG. 15D illustrates the wound closure device of FIG. 15C wherein wound margins
are nearly approximated in accordance with various embodiments of the present invention.

FIG. 15E illustrates a wound closure device that includes a surgical drain device in
accordance with various embodiments of the present invention.

FIGs. 16A-16E illustrate wound closure devices to treat injuries characterized by
undermining in accordance with various embodiments of the present invention.

FIG. 17 illustrates a methodology for wound healing and closure in accordance with
various embodiments of the present invention.

FIG. 18 illustrates a methodology for wound healing and closure in accordance with
various embodiments of the present invention.

FIG. 19 illustrates a methodology for wound healing and closure in accordance with
various embodiments of the present invention.

FIG. 20 illustrates a methodology for wound healing and closure in accordance with
various embodiments of the present invention.

FIG. 21 illustrates a portion of a collapsible structure including a scale system in
accordance with various embodiments of the present invention.

FIG. 22 illustrates a cross-sectional view of the structures shown in FIG. 21.

FIG. 23 illustrates a wound closure device including a moving tissue contact structure
applied to a wound in accordance with various embodiments of the present application.

FIG. 24 illustrates a wound closure device including a moving tissue contact structure
applied to a wound in accordance with various embodiments of the present application.

FIG. 25 illustrates a cross-sectional view of a wound closure device including a
moving scale structure applied to a fasciotomy wound in accordance with various
embodiments of the present invention.

FIG. 26 illustrates a top view of the wound closure device applied to the fasciotomy
wound shown in FIG. 25.

FIG. 27 illustrates a wound closure device applied to a drainless abdominal injury
according to various embodiments of the present invention.

FIG. 28A illustrates a wound closure device that includes a surgical drain device in

accordance with various embodiments of the present invention.



10

15

20

25

30

WO 2018/237206 PCT/US2018/038851

FIG. 28B illustrates a wound closure device that includes a surgical drain device
applied to an offset wound in accordance with various embodiments of the present invention.

FIG. 29 illustrates a wound closure device having inflatable sections applied to a
drainless abdominal injury according to various embodiments of the present invention.

FIG. 30 illustrates a wound closure device applied to a wound in accordance with
various embodiments of the present invention.

FIG. 31 illustrates a wound closure device applied to a drainless abdominal injury
according to various embodiments of the present invention.

FIG. 32 illustrates a flowchart for a method of controlling pressure applied to a wound

according to various embodiments of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments of the present invention relate to negative pressure wound closure
devices, systems, and methods for wounds resulting from amputation or other open wound in
which the wound margins undergo rotation to align and close. The embodiments as described
herein include a negative pressure source and a compression structure that is placed on the
wound to provide directed preferential closure. The compression structure can include a
number of cells separated by rigid or semi-rigid membranes that are hinged together at joints.
The structure changes conformation during a procedure to facilitate closure of the wound.

Figs. 1-4 illustrate cross-sections of a wound closure device 100 applied at a body
extremity to a wound 150 caused by amputation. The wound closure device 100 can include a
compression structure 102, an inlet 105, and flaps 108. The wound closure device 100 can
have a dome-shaped geometry in order to extend around the limb in such a way that the
peripheral edge 101 of the dome fully surrounds the wound. When a negative pressure is
applied to the inlet 105, the compression structure 102 and flaps 108 can apply a force to the
wound 150 that is strongest at the deepest point of the wound 150a. The compression
structure 102 in combination with the application of negative pressure can exert a force to the
wound 150 to facilitate closure of the wound 150 from the deepest internal point 150a as
illustrated in Figs. 1-4 and as described in further detail below. Application of the device can
impart a force to spaced-apart wound margins that is operable to move the wound margins to
a more closed position.

Although the wound closure device 100 is described as having a dome shape (i.e., a

curvature along two axes), it is also contemplated that embodiments of the present invention
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can have curvature in only one dimension (i.e., a cylindrical geometry). As a non-limiting
example, a wound closure device 100 in accordance with the present disclosure can cover a
wound on a lateral surface of a bodily limb or extremity such as the thigh. The device can
have a range of values of curvature to accommodate wounded extremities as varied as fingers
or toes to legs or arms. In some embodiments, the radius of curvature of the device is
different from the radius of curvature of the tissue under treatment such that, as a result, the
device is at least partially spatially separated from the tissue surface.

The wound 150 can have a width (X) 152 and a depth (Y) 154. In some embodiments,
the depth 154 of the wound 150 can be between 0.1 and 1 times the width 152 of the wound
150. Previously available treatments may incompletely treat wounds with such large aspect
ratios of depth to width because they typically force the margins of the wound at a shallow
portion 150b of the wound to approximate (i.e., come into contact) before the margins of the
wound at a deep portion 150a of the wound. In the case where the shallow margins
approximate first, the potential arises for seroma formation or infection of the wound below
the surface. Embodiments of the present invention can ameliorate this problem by
preferentially applying a greater lateral force 110a at the deep portion 150a of the wound 150
than at the shallow portion 150b of the wound as will be described in more detail below.

The compression structure 102 can be situated outside of the wound as shown in Fig.
1A and can have a number of cells 103 separated by rigid or semi-rigid membranes 107 that
are hinged together at joints. The shape of the cells 103 can be selected based on the shape of
the wound 150. Details on the cell shape and composition will be described in greater detail
below with reference to Fig. 5. The compression structure 102 can be pre-stressed to exert a
compression force on the wound 150 to more quickly bring the wound margins together.
Certain elements or cells of the compression structure can have greater compliance to enable
interdigitated collapse. In some embodiments, the compression structure 102 can include a
circle or spiral format that lays flat in or above the wound to achieve a similar collapsing
effect. In various embodiments, the compression structure 102 can be symmetrical or
asymmetrical. As the compression structure collapses, the outermost surface of the
compression structure 102 can have a larger radius than the innermost surface of the
compression structure 102. Note that the walls of adjoining cells extend at different angle due
to the arced shape of the device that is needed to extend over the wound. For amputation
wounds, the device must have a dome-shaped structure to enclose the wound opening at one

end of the limb. In some embodiments, the compression structure 102 is a collapsible
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structure. The collapsible structure can have a curved contour that extends over at least a
portion of tissue adjacent to the wound or wound opening.

The flaps 108 can be attached to the compression structure 102 and can extend to the
peripheral edge 101 of the wound closure device 100. In some embodiments, the flaps 108
may include a first section 108a and a second section 108b that are made of different
materials or have different properties. In certain embodiments, the first section 108a may be
more flexible, stretchable, or elastic than the second section 108b. In some embodiments, the
first section 108a, the second section 108b, or both may include anchoring elements 104. The
anchoring elements 104 can be used with the flaps 108 on some or all sides of the wound 150
to attach the structure to a wrap 106 that surrounds the limb just proximal to the wound
opening. In some embodiments, the second section 108b of the flaps 108 can be made of a
stiff material that will not substantially change conformation as the compression structure 102
moves. This stiffness in a section of the flaps 108 can increase the closure force applied to the
wound 150.

The wound closure device 100 can be covered with a cover element that can be
custom-designed to fit the shape of a particular patient. In some embodiments, the cover
element can include a foam or other biocompatible substance. The cover element may include
prostheses or can be specially designed to distribute force due to body weight or pressure to
prevent adverse wound events such dehiscence.

In some embodiments, a pump or other vacuum source can be used to apply negative
pressure to the wound closure device 100. The pump can attach to the inlet 105 of the wound
closure device 100. Additional vacuum sources can also be connected through an array of
spaced inlets 105 in order to spatially distribute the suction force so that the force exerted on
the compression structure 102 can be controlled separately from a fluid suction force. The
amount of applied negative pressure can be adjusted depending on the size and shape of the
wound. Pressures above 125 mm to as much as 250 mm or more can be used to assist in
wound closure. The pressure can be reduced over time as the wound heals and reduces in size
and depth. The vacuum source or pump can be further connected in some embodiments with
a surgical drain device as described in greater detail below with reference to Figs. 6, 11 and
12.

In accordance with various embodiments, the inlet(s) 105 can be disposed on an
attachment plate 115. The attachment plate 115 may or may not be rigid along certain
directions and may be smooth on one or more surfaces. The attachment plate 115 can overlay

the compression structure 102 and may also exhibit elastic or stretching properties. The
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material of the attachment plate 115 can be biocompatible film such as that provided in
conjunction with the Renasys® system available from Smith & Nephew. A preferred
embodiment can also be used with a gauge as also provided in the Renasys® system. The
smooth attachment plate 115 enables the compression structure 102 to contract and expand
freely without interference from the underlying tissue, and without damaging the underlying
tissue. In a preferred embodiment, the attachment plate 115 includes micropores that allow
the passage of fluid through the attachment plate 115 and into the inlet 105 for removal from
the wound site. In some embodiments, the attachment plate 115 can contact a wound filling
material as described in greater detail below with reference to Fig. 6. In some embodiments, a
drain or vacuum tube can extend through the attachment plate and into the wound filling
material and/or to the surgical drainage device as described in greater detail below with
reference to Figs. 11-12E.

In some embodiments, the micropores can have different sizes in different regions
and/or can have different pore densities in different regions in order to direct different force
levels of the vacuum source to different regions of the device 100. Similarly, the compression
structure 102 can be engineered with different internal cell sizes and/or cell densities to direct
the distribution of forces from the vacuum source to different areas of the device 100.

The wound closure device 100 can be used without any sutures in cases where the
skin edges on opposite sides of the wound 150 are sufficiently aligned. Alignment of the skin
can be facilitated by surgically trimming the wound margins in advance of closure. In other
cases, sutures can be selectively utilized to better align the skin on opposite sides of the
wound 150. In various embodiments, the device can be used to treat a range of extremities
including legs, arms, fingers, toes, hands, and feet. After a period of healing, the device 100
can be removed and optionally replaced with a smaller device.

As described briefly above, the peripheral edge 101 can be designed to impart a
greater lateral force 110a than, for example, the lateral force at a point 110b within the wound
closure device 100. This gradient of closure force as shown in Fig. 1 can ensure that the
maximum depth 150a of the wound 150 experiences a greater force 110a than the shallow
depths 150b of the wound 150 to sustain wound margin contact during the application of
negative pressure. It is desirable to have the wound margins initiate contact and healing at the
deepest portion 150a of the wound 150 and progress from the deepest portion 150a to the
shallowest portion 150b such that the skin on opposite sides at the surface of the wound 150
are the final portions of the wound margins to achieve closure. In many cases, the ends of the

wound 105 undergo much smaller translation then the center. To accommodate this, the
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compression structure 102 can be configured with larger cells in the center and smaller cells
at the ends of the wound in some embodiments.

In some embodiments, a seal may be included on the flaps 108 or cover element to
seal the wound closure device 100 and prevent air from entering or leaving the device while
the pressure is changed inside, e.g., by application of negative pressure. The seal can include
elastics or adhesives to press a portion of the device 100 such as the peripheral edge 101
against the skin of the patient to produce an airtight seal. In certain embodiments, the seal is
included at the peripheral edge 101 of the wound closure device 100.

Fig. 2 shows the device of Fig. 1 shortly after negative pressure has been applied at
the inlet 105. The negative pressure can cause the cells of the compression structure 102 to
collapse in a preferred direction, e.g., length, width, or height. Due to the difference in forces
110a, 110b at different positions with respect to the wound 150, the wound margins on
opposite sides at the deepest part 150a of the wound 150 move into proximity with one
another. As the pressure continues to be applied (Fig. 3), the wound margins continue to
come into contact from the deepest portion 150a to the shallowest portion 150b of the wound
150. Finally, after the negative pressure has been applied for some time, the wound margins
on opposite sides are fully in contact (Fig. 4). The closure of the wound 150 from the deepest
point 150a to the shallowest point 150b promotes healing and prevents the development of
abscess or other pockets where bacteria can form. The wound closure device 100 can be left
attached to the bodily extremity for an extended time period until wound healing is complete.

As shown in Fig. 5A, the compression structure 102 can have a three-dimensional
geometry with cells 503 shaped as hexagons having internal membranes that can be arranged
symmetrically or asymmetrically. In some embodiments, the cells 503 can include a plurality
of polygonal shapes, irregular shapes, or both including, but not limited to, triangles, squares,
parallelograms, pentagons, or any n-gon. In one embodiment, the cells 503 of the
compression structure 102 can be a portion of a truncated icosahedron (i.e., a soccer ball).
The cells 503 can be made of a pliable material.

In some embodiments, the interior of each cell 503 contains internal membranes or
walls 505 to enhance structural stiffness in one or more directions. The internal membranes
or walls 505 can be connected by hinged elements 506. As a result of this enhanced stiffness,
the cells 503 can preferentially collapse along a specific dimension (e.g., length, width, or
height) as shown in Fig. 5B. In accordance with various embodiments, a cell 503 can have a
sufficient rigidity due to the presence of internal membranes 505 that the cell does not expand

in a direction perpendicular to the preferred axis of compression or collapse. In some
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embodiments, this is accomplished through the use of single- or double-hinging. The internal
membranes 505 of adjoining cells 503 can be oriented at different angles to accommodate the
rotational component of the tissue movement during a wound closure procedure. These
features can apply to any wound shape in which the wound margins undergo a more complex
movement (compared to the substantially one-dimensional lateral movement of the
abdominal walls associated with abdominal wound closure). Materials including structural
elements, foam, tissue anchors, and operation of closure devices as described in International
Patent Application PCT/US2013/050698, filed July 16, 2013, and U.S. Patent Application
No. 13/365,615, now U.S. Patent No. 9,226,737, filed February 3, 2012, and also U.S.
Application No. 13/942,493, now U.S. Patent No. 9,421,132, filed on July 15, 2013, the
entire contents of the above-referenced applications and patents being incorporated herein by
reference, can be used in conjunction with the devices and methods set forth herein.

Fig. 5C illustrates a three-dimensional view of a wound closure device 100 in
accordance with embodiments of the present invention. The dome-shaped device can be
broken up into cells 503 having one or more shapes as discussed above. In the embodiment of
Fig. 5C, the cell shape is triangular and the triangles tessellate to form hexagonal structures.
Fig. 5D illustrates a portion of a structure such as the dome-shaped device of Fig. 5C. In
some embodiments, the device can include individual cells 503 that are substantially flat and
are joined to one another through the use of hinges 508. The hinges 508 can allow relative
movement and re-orientation of adjacent cells 503 to better conform the wound closure
device 100 to a wound 150.

Figs. SE-5G are insets illustrating a portion of the wound closure device 100 indicated
in Fig. 5A. In Fig. SE, the walls between cells 503 are in their typical extended form. When
negative pressure is applied in the device, the cells will contract in size as the wound margins
begin to approximate as described above with reference to Figs. 1-4. In some embodiments,
the walls between cells 503 can include fold points at which the walls break or buckle to
allow the cells 503 to contract in size as pressure is applied. The resulting walls upon folding
are illustrated in top view in Fig. SF and in perspective in Fig. 5G. In some embodiments, a
network of cells 503 is rigid enough to compress and provide force to pull attached flaps 108.
The flaps 108, in turn, can generate a force on attached tissue that surrounds the wound to
provide a force to close the deep portion of the wound before the shallow portion.

Fig. 6 illustrates a wound treatment system 600 including a wound treatment device
100 that works in cooperation with additional structural and drainage features to accelerate

wound healing in accordance with various embodiments of the present invention. The system

-12 -



10

15

20

25

30

WO 2018/237206 PCT/US2018/038851

600 can include a surgical drain device 660 that attaches to the exposed wound surfaces in
proximity to the deepest portion 150a of the wound 150. The surgical drain device 660 can
include features and methods described in U.S. Patent Application 13/675,736, filed
November 13, 2012, International Application PCT/US2012/033608 filed on April 13, 2012,
and also in U.S. Application No. 14/111,977 filed on October 15, 2013, the entire contents of
the above applications being incorporated herein by reference. The system 600 can also
include a wound filler material 670 such as collapsing structure with foam elements and
optionally including tissue anchors that attach to the wound margins that is placed in
proximity to the shallow portion 150b of the wound 150.

The surgical drain device 660 can include apertures to allow wound margins on
opposite sides of the drain device 660 to come into contact. In some embodiments, the
surgical drain device 660 has a plurality of removable drainage tubes that can be withdrawn
from the device. In various embodiments, the surgical drain device 660 is made of a bio-
absorbable material such that the body of the device can be left in the wound 150 without
needing to be removed. The material 670 can be attached to the tube elements 675 such that
removal of material 670 from the wound 150 will extract the tubes 675 from drain device
660. The surgical drain device is described in greater detail below with reference to Figs. 11-
12E. In some embodiments, the tubes 675 can be similar to the plurality of drain tubes 30 as
described below.

One embodiment of a cell framework for a compression structure 102 according to
the invention is shown in FIGS. 7A and 7B. As discussed above, the compression structure
102 can have a curvature in one dimension (i.e., substantially cylindrical) or in two
dimensions (i.e., substantially spherical or dome-like). The cells 502 can include a first set of
x-y stabilizer elements 808a and a second set of x-y stabilizer elements 808b that are
connected by a plurality of z-axis stabilizer elements 8§10. During collapse of the compression
structure 102, the respective x-y stabilizer elements 808a, 808b are collapsible in the x-y
directions, but the z-axis stabilizer elements 810 inhibit collapse in the z-direction. In
preferred embodiments, the stabilizer elements can articulate with respect to one another
during collapse. The joints 809 in the structure can be hinged or have a reduced thickness to
accommodate the flexing of the system. Note that the first, upper set of stabilizer elements
808a is longer than the second, lower set of stabilizer elements 808b. The flexures between
the joints may also flex to accommodate the desired compression along a first, or lateral, axis
117. Some expansion can occur along the second, or longitudinal, axis 119 as the device

compresses. The material of the compression structure 102 can have a shape memory
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characteristic that, in combination with the force due to negative pressure, defines the force
level applied to the tissue. In some embodiments, the stabilizer elements 108 can include a
plurality of stabilizing ribs, flexures, or rods, made from a suitably rigid or semi-rigid
material, such as plastic. The spacing between the elements in the “open” state can be in a
range of 1-2 cm, for example. In accordance with various embodiments, the first set of x-y
stabilizer elements 808a disposed on the outermost surface of the compression structure 102
can have longer segment lengths than the second set of x-y stabilizer elements 808b disposed
on the innermost surface of the compression structure 102. In different embodiments, the first
set of x-y stabilizer elements 808a disposed on the outermost surface of the compression
structure 102 can have a larger or equal radius of curvature than the second set of x-y
stabilizer elements 808b disposed on the innermost surface of the compression structure 102.

In another embodiment, shown in FIGS. 8A and 8B, the cells of the compression
structure 102 can include truss stabilizers 812 to inhibit tilting of the structure 102 during
collapse. The truss stabilizers 812 keep the upper 808a and lower 808b x-y stabilizers aligned
with one another as the compression structure 102 collapses. In some embodiments, the truss
stabilizers 812 can be rigid in certain directions and relatively less rigid in other directions
(for example, the truss stabilizer can be bowed) to promote collapse in certain directions.
FIG. 8C illustrates an alternative embodiment having truss stabilizers 812 in an “x”-shaped
pattern.

The cells 502 in certain embodiments can be made, in whole or in part, from a shape
memory material. Various shape memory materials can be used which return from a
deformed state (temporary shape) to their original (permanent) shape. This change in shape
can be induced by an external stimulus or trigger. In one embodiment, the original or
“permanent” shape of the wound closure device is the “collapsed” configuration. . When the
wound closure device is initially applied at the wound, the device can be deformed in a
temporary expanded state. The device can preferentially revert to its original or “collapsed”
state or, alternatively, cause the device to first expand to engage the tissue. The “collapse”
force of the shape memory structure can be in addition to or an alternative to the vacuum
force induced by the negative pressure source. In certain embodiments, the application of a
negative pressure to the wound closure device can cause the device to revert to its original
state.

FIG. 9 illustrates an enlarged view of a preferred embodiment of a tissue anchor
system 400 in accordance with some aspects of the invention. One side of the flaps 108 can

have a first group of anchor elements 404 that are adapted to grasp the wrap 406 and/or the
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tissue. The first anchor elements 404 can be shaped to grasp the wrap 106 such as with a
distal hooked shape 406. As the flaps 108 attach to the wrap 106 with a certain grasping
strength in order to sufficiently affix the wound closure device to the bodily extremity, a
specified force level F must be applied to remove the anchor elements 404 from the wrap 408
that exceeds the pulling force being applied to the device 100.

In some embodiments, the flaps 108 can attach at least in part to the tissue of a patient
including dermal tissue. As the tissue to be grasped by the flaps 108 has different structural
characteristics then the wrap 106, a second group of anchor elements can be adapted to grasp
tissue and can have a different shape and grasping force then the first anchor elements 404.
As discussed in greater detail below, barbs can have bilateral prongs that tend to collapse
upon insertion in tissue and yet expand when pulled in an opposite direction such that a
certain pulling force can be applied to tissue as the compression structure 102 collapses.
However, the prongs or cone shape anchor element can have a release force such that the
barbs can be manually pulled from the tissue without causing injury. In some embodiments,
the flaps 108 attach to both tissue and the wrap 106.

The characteristics of the anchors, and their resulting force profiles, can vary by a
number of parameters, such as the length of the anchor, the shape of the anchor, the structure
of grasping features, the material(s) used for the anchor, the relative flexibility/rigidity of the
anchors, and the spacing/density of the anchors. FIG. 10 illustrates three examples of
different types of grasping features, including a barbed configuration 605, a staggered hook
configuration 606, and a staggered barbed configuration 607. The anchoring process can be
augmented by the application of a seal as described above. The force profile can also be
varied by controlling the vacuum force distribution in the compression structure 102, such as
by varying the cell size and/or cell density of the compression structure 102.

Fig. 11 schematically depicts a surgical drain device 660 and accompanying support
equipment for drainage of at least a portion of a wound. The surgical drain device 660 can
have a plurality of drain tubes 30 attached to an adhesion matrix 25 and configured so as to
drain the full extent of the portion of the wound. The drain tubes 30 can be connected at their
proximal ends to a manifold 40 that can in turn be connected through vacuum tubing 50 to a
vacuum pump 130 or other vacuum source. Fluid 125 drained from the wound can be
optionally accumulated in fluid trap 120. In some embodiments, the vacuum tube 50 and
manifold 40 connect to a valve or port in the wound filler material 670. In this embodiment,
removal of the wound filler material 670 (i.e., at the end of a wound closure operation) can

release the manifold 40 and attached plurality of drain tubes 30 from the surgical drain device
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660. The adhesion matrix 25 can be made of a bioabsorbable material and may be left in the
body once the drain tubes 30 have been removed. Vacuum pump or other vacuum source 130
can include one or more electronic devices, such as a microprocessor with memory and
software, to monitor the vacuum level, pneumatic resistance, and/or fluid removal amount or
rate. The electronic device(s) also can be used to control the operation of the system over
time according to user-defined parameters, according to a preset program, or in response to
data collected on vacuum, resistance, and/or fluid removal.

The number of drain tubes in the surgical drain device 660 can vary depending upon
the needs of the device, including the amount of fluid to be drained and the size of the wound
and shape of the device. Typically, the device will contain from 2 to about 20 drain tubes. In
a preferred embodiment, the device contains preferably at least 3 tubes, and for larger areas
from about 5 to about 12 tubes.

The drain tubes 30 can be fabricated from any biocompatible thermoplastic or
thermoset material. Examples include surgical grade silicone rubber, polyurethane,
polyamide, polyimide, PEEK (polyether ether ketone), polycarbonate, PMMA
(polymethylmethacrylate), and polyvinylchloride. The drain tubes 30 are intended to be
removed after fluid build-up has reduced to a level that is stable without drainage. However,
in an alternative embodiment, the drain tubes 30 can be made of a biodegradable material and
can be left in place. The drain tubes 30 can be flexible so as to conform to the tissues
surrounding the device and to accommodate movement of the patient without causing
discomfort. The drain tubes can be open ended or close ended. In a preferred embodiment,
the drain tubes are close ended and possess apertures or holes along their length for the
uptake of fluid.

Figs. 12A-E show several embodiments of the adhesion matrix 25. A portion of the
adhesion matrix 25 between two neighboring drain tubes 30 and drain channels 35 is shown.
The embodiment shown in Fig. 12A has a regular arrangement of rectangular apertures 27 to
allow tissue contact through the device. This tissue contact enables a faster healing rate at the
apertures 27. Circular apertures are shown in Fig. 12B. The embodiment of Fig. 12C includes
apertures 27 that are formed into lateral channels. Fluid flows laterally through these channels
toward openings 36 in the drain tube channels 35, drawn by the reduced pressure in the drain
tubes 30. As shown in Figs. 12D and 12E, the surfaces of the adhesion matrix, including the
drain channels, can be endowed with an array of hooks or barbs to promote anchoring of the
device to adjacent tissues. In the embodiment shown in Fig. 12E, the hooks on the upper side

28 are longer than the hooks on the lower side 29. This arrangement can be used where the
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tissues on either side of the device are of different density. For example, longer hooks such as
about 1.5 to about 3 mm in length are preferred for less dense tissue, such as subcutaneous fat
tissue, whereas shorter hooks such as about 0.5 to about 1.5 mm in length are preferred for
denser tissues such as fascia and muscle.

The adhesion matrix 25, including any drain tube channels 35 and hooks or barbs, can
be fabricated from a biodegradable polymer material, as these structures are intended to
remain in place in the patient’s body after removal of the drain tubes 30, so as not to disrupt
the healing process. Examples of suitable biodegradable or resorbable materials include
Vicryl (polyglycolic acid), Monocryl (glycolic acid-g-caprolactone copolymer), PDS
(polydioxanone, PDO), PLA (polylactic acid, polylactide), PLLA (poly-L-lactic acid), PDLA
(poly-D-lactic acid), PGA (polyglycolic acid, polyglycolide), PLGA (poly(lactic-co-glycolic
acid)), PHB (polyhydroxybutyrate), and PCL (polycaprolactone). In a preferred embodiment,
the adhesion matrix 25, including any drain tube channels 35, is formed of an open network
of polymer chains that has sufficient porosity to allow infiltration by cells and fluid flow
across the material. Cellular infiltration can promote tissue adhesion and the biodegradation
of the polymer after the wound has healed. In some embodiments, the adhesion matrix 25
including any drain tube channels 35 is permeable to seroma fluid but not permeable to cells.
In other embodiments, the adhesion matrix 25, including any drain tube channels 35, is
permeable to fluid and electrolytes but is impermeable to proteins. The permeability
properties of the matrix polymer material that makes up the basic substrate of the adhesion
matrix 25 can be the same or different compared to the material that makes up the drain tube
channels 35. In a preferred embodiment, the polymer chains, or fibers composed of polymer
chains, of the adhesion matrix 25 are aligned along an axis substantially perpendicular to the
axes of the nearest drain tubes 30. This alignment pattern promotes the flow of fluid through
or along the surface of the adhesion matrix 25 towards the drain tubes.

The adhesion matrix 25, and thus the overall drain device 660, can have any form
suitable for insertion into the wound or seroma where it is to be inserted. Generally, the form
is that of a thin sheet or flexible planar mesh having an essentially rectangular shape.
However, the shape can be rounded, circular, elliptical, oval, or irregular. Preferably the
corners are rounded so as to minimize mechanical irritation of surrounding tissues. The size
of the device is also determined by the particular use and anatomy of the patient. For
example, the adhesion matrix can have an overall width and length in the range from about 2
cm to 25 ¢cm, such as about 10 cm x 12 cm or about 20 cm x 25 cm. The thickness of the

adhesion matrix 25 can be from about 0.5 mm to about 1 cm; where the sheet of material is
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preferably less than 5 mm in thickness and preferably the adhesion matrix 25 is about 1-2 mm
thick. The thickness of the entire drain device 660, including the sheet of the adhesion matrix
25, drain tubes 30, and any hooks or glue pads is about 5 mm or less, 10 mm or less, or about
5-10 mm.

The adhesion matrix 25 can be coated with an adhesive material such as surgical glue
either in addition to or instead of using hook or barb structures that stabilize tissue layers on
either side of the drain device. Any type of surgical adhesive suitable for use within the body
can be used, including polyethylene glycol polymers, adhesive proteins, gelatin-thrombin
mixtures, albumin-glutaraldehyde, and fibrin-based sealants. Cyanoacrylates are to be
avoided, as they cause inflammation if used internally. An adhesive coating can be placed on
one or both surfaces of the adhesion matrix 25. Adhesive coatings can be applied to the
device prior to its placement in a patient, i.e., as part of the device fabrication process. An
adhesive coating can cover all or a portion of a surface of the device 660. A surgical adhesive
can be used in the form of a fibrous mat or pad that is soaked or coated with an adhesive
composition. The mat or pad is preferably fabricated from a biodegradable polymer, such as
the type used to prepare the adhesion matrix 25. One or more layers of adhesive material can
be placed between the device and surrounding tissue at the time of placement in the patient.

When the wound closure device 100 containing the compression structure 102 is
applied to a wound 150 and negative pressure is applied, the wound margins will begin to
approximate beginning with the deep portion of the wound 150a. As the wound margins
rotate towards one another, the compression structure 102 must also compress along the
lateral direction 117. Compression or collapse of the compression structure 102 can be
achieved by several methods. Figs. 13A-13F illustrate an embodiment of a portion of a
compression structure 102 as it collapses in size. The compression structure 102 is depicted
in an unstressed, expanded state in Figs. 13A (end view) and 13D (top cross-sectional view).
In some embodiments, the expanded state may be the natural resting state of a compression
structure 102. In the expanded state, the rigid or semi-rigid membranes 109 can be
substantially perpendicular to the cell walls 107. In Figs. 13B and 13E, the portion of the
compression structure 102 is depicted in an intermediate state of collapse. In accordance with
various embodiments, the membranes 109 can be joined to the walls 107 using hinges or any
other attachment method that allows the membranes 109 to rotate or pivot with respect to the
walls 107. The compression structure 102 is depicted in the collapsed state in Figs. 13C and
13F. In some embodiments, the walls 107 of the compression structure 102 re-orient from a

fan- or V-shape as seen in an end view to being substantially parallel in the compressed state.

- 18-



10

15

20

25

30

WO 2018/237206 PCT/US2018/038851

This rotation of the walls 107 mirrors the rotation of the wound margins as they begin to
approximate during closure and healing of the wound 150.

Fig. 13G illustrates a portion of a compression structure 102 including rigid or semi-
rigid membranes 109 and walls 107 in accordance with various embodiments of the present
invention. In accordance with various embodiments, the membranes 109 can include multiple
interlocking sections such as an inner sliding section 109b and an outer sliding section 109a
as shown in Figs. 13H and 13I. In some embodiments, the inner sliding section 109b can be
configured to fit partially or wholly within an adjacent outer sliding section 109a. In a first,
extended state as shown in Fig. 13H, the inner sliding section 109b is withdrawn from the
outer sliding section 109a to provide the maximum possible extension. As the compression
structure 102 compresses, the inner sliding sections 109b will gradually slide into the body of
the outer sliding sections 109a as shown in Fig. 13I. In some embodiments, the inner sliding
section 109b can slide within an outer sliding section 109a until an adjoining wall 107
prevents further sliding. The resulting reduction in the total length of the membranes 109 is
depicted in Fig. 13J.

Fig. 14 illustrates a cross-section of a wound closure device 100 applied at a body
extremity to a wound 150 caused by amputation. The wound closure device 100 can include a
collapsible structure 102, an inlet 105, and a drape 118. The wound closure device 100 can
have a dome-shaped geometry in order to extend around the limb in such a way that the
peripheral edge of the dome fully surrounds the wound. When a negative pressure is applied
to the inlet 105, the collapsible structure 102 and drape 118 can apply a force to the wound
150 that is strongest at the deepest point of the wound 150a. The collapsible structure 102 in
combination with the application of negative pressure can exert a force on the wound 150 to
facilitate closure of the wound 150 beginning with the deep portion of the wound 150a.

Although the wound closure device 100 is described as having a dome shape (i.e., a
curvature along two axes), it is also contemplated that embodiments of the present invention
can have curvature in only one dimension (i.e., a cylindrical geometry). As a non-limiting
example, a wound closure device 100 in accordance with the present disclosure can cover a
wound on a lateral surface of a bodily limb or extremity such as the thigh. The device can
have a range of values of curvature to accommodate wounded extremities as varied as fingers
or toes to legs or arms. In some embodiments, the radius of curvature 116 of a portion of the
device (R¢») is different from the radius of curvature 156 of the tissue (R¢;) under treatment

such that, as a result, the device is at least partially spatially separated from the tissue surface.
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The wound 150 can have a width (X) 152 and a depth (Y) 154. In some embodiments,
the depth 154 of the wound 150 can be between 0.1 and 1 times the width 152 of the wound
150. Previously available treatments may incompletely treat wounds with such large aspect
ratios of depth to width because they typically force the margins of the wound at a shallow
portion 150b of the wound to approximate (i.e., come into contact) before the margins of the
wound at a deep portion 150a of the wound. In the case where the shallow margins
approximate first, the potential arises for seroma formation or infection of the wound below
the surface. Embodiments of the present invention can ameliorate this problem by
preferentially applying a greater lateral force 110a at the deep portion 150a of the wound 150
than at the shallow portion 150b of the wound as will be described in more detail below. In
accordance with various embodiments, a portion 114 of the wound closure device 100 can be
positioned over tissue adjacent to the wound 150. In some embodiments, the length of the
portion 114 adjacent to the wound 150 can be 0.4 to 0.8 times the depth 154 of the wound
150.

The collapsible structure 102 can be situated outside of the wound as shown in Fig.
1A and can have a number of cells 103 separated by rigid or semi-rigid membranes 107 that
are hinged together at joints. The shape of the cells 103 can be selected based on the shape of
the wound 150. Details on the cell shape and composition will be described in greater detail
below with reference to Fig. 5. The collapsible structure 102 can be pre-stressed to exert a
compression force on the wound 150 to more quickly bring the wound margins together.
Certain elements or cells of the collapsible structure can have greater compliance to enable
interdigitated collapse. In some embodiments, the collapsible structure 102 can include a
circle or spiral format that lays flat in or above the wound to achieve a similar collapsing
effect. In various embodiments, the collapsible structure 102 can be symmetrical or
asymmetrical. As the collapsible structure collapses, the outermost surface of the collapsible
structure 102 can have a larger radius than the innermost surface of the collapsible structure
102. Note that the walls of adjoining cells extend at different angles due to the arced shape of
the device that is needed to extend over the wound. For amputation wounds, the device must
have a dome-shaped structure to enclose the wound opening at one end of the limb. The
collapsible structure can have a curved contour that extends over at least a portion of tissue
adjacent to the wound or wound opening. As described above with reference to Figs. 13A-J,
the collapsible structure can include articulating elements that undergo rotational movement

during closure of the wound margins within a wound such as an amputation wound. In some
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embodiments, the articulating elements can rotate at joints such that the collapsible structure
collapses along a curved path above the wound opening.

The collapsible structure 102 can include rigid or semi-rigid membranes 109
connecting walls 107 between cells 103. The lower set of membranes 109 can form a surface
having a smaller radius of curvature 116 than the radius of curvature 156 of the surface of the
tissue proximate to the wound. In some embodiments, the smaller radius of curvature is
enforced by stiffened or firm elements within the collapsible structure 102. The difference in
the radius of curvature 116 of the collapsible structure 102 relative to the radius of curvature
of the tissue surface can impart additional force at the lateral ends of the collapsible structure
102. In some embodiments, the firmness or stiffness of the radius of curvature of the
collapsible structure 102 can help allow the structure to resist buckling when a negative
pressure is applied at the port 105. In some embodiments, the collapsible structure 102 can
include a lateral portion that can apply an inward force to the deep portion 150a of the wound
150 to cause the deep portion 150a to close before the shallow portion 150b. In accordance
with various embodiments, the collapsible structure 102 can contact the portion of the tissue
adjacent to the wound opening and can include a stiff edge.

The drape 118 can provide a leak-free seal between the wound closure device 100 and
the tissue surface. In some embodiments, the drape 118 can be made from materials including
plastics or tapes and further including biocompatible materials. In some embodiments, the
drape 118 can include adhesives or surgical glues as described above with reference to the
adhesion matrix 25. The drape 118 can improve sterility of the wound 150 during healing by
preventing ingress of dirt or bacteria. In some embodiments, the drape 118 can affix a lateral
portion of the collapsible structure 102 to tissue surrounding at least the deep portion 150a of
the wound 150.

The wound closure device 100 can be covered with a cover element that can be
custom-designed to fit the shape of a particular patient. In some embodiments, the cover
element can include a foam or other biocompatible substance. The cover element may include
prostheses or can be specially designed to distribute force due to body weight or pressure to
prevent adverse wound events such dehiscence.

In some embodiments, a pump or other vacuum source can be used to apply negative
pressure to the wound closure device 100. The pump can attach to the inlet 105 of the wound
closure device 100. Additional vacuum sources can also be connected through an array of
spaced inlets 105 in order to spatially distribute the suction force so that the force exerted on

the collapsible structure 102 can be controlled separately from a fluid suction source. The
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amount of applied negative pressure can be adjusted depending on the size and shape of the
wound. Pressures above 125 mm to as much as 250 mm or more can be used to assist in
wound closure. The pressure can be reduced over time as the wound heals and reduces in size
and depth. The vacuum source or pump can be further connected in some embodiments with
a surgical drain device as described in greater detail above with reference to Figs. 6, 11 and
12.

In accordance with various embodiments, the inlet(s) 105 can be disposed on an
attachment plate 115. The attachment plate 115 may or may not be rigid along certain
directions and may be smooth on one or more surfaces. The attachment plate 115 can overlay
the collapsible structure 102 and may also exhibit elastic or stretching properties. The
material of the attachment plate 115 can be biocompatible film such as that provided in
conjunction with the Renasys® system available from Smith & Nephew. A preferred
embodiment can also be used with a gauge as also provided in the Renasys® system. The
smooth attachment plate 115 enables the collapsible structure 102 to contract and expand
freely without interference from the underlying tissue, and without damaging the underlying
tissue. In a preferred embodiment, the attachment plate 115 includes micropores that allow
the passage of fluid through the attachment plate 115 and into the inlet 105 for removal from
the wound site. In some embodiments, the attachment plate 115 can contact a wound filling
material as described in greater detail above with reference to Fig. 6. In some embodiments, a
drain or vacuum tube can extend through the attachment plate and into the wound filling
material and/or to the surgical drainage device as described in greater detail above with
reference to Figs. 11-12E.

In some embodiments, the micropores can have different sizes in different regions
and/or can have different pore densities in different regions in order to direct different force
levels of the vacuum source to different regions of the device 100. Similarly, the collapsible
structure 102 can be engineered with different internal cell sizes and/or cell densities to direct
the distribution of forces from the vacuum source to different areas of the device 100.

The wound closure device 100 can be used without any sutures in cases where the
skin edges on opposite sides of the wound 150 are sufficiently aligned. Alignment of the skin
can be facilitated by surgically trimming the wound margins in advance of closure. In other
cases, sutures can be selectively utilized to better align the skin on opposite sides of the
wound 150. In various embodiments, the device can be used to treat a range of extremities
including legs, arms, fingers, toes, hands, and feet. After a period of healing, the device 100

can be removed and optionally replaced with a smaller device.
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In many cases, the ends of the wound 105 undergo much smaller translation then the
center. To accommodate this, the collapsible structure 102 can be configured with larger cells
in the center and smaller cells at the ends of the wound in some embodiments.

The wound closure device 100 can also include a compression element 121 such as a
clamp to increase the amount of force applied at the deep portion 150a of the wound. In some
embodiments, the compression element 121 can include only discrete points of contact
around the wound such as with a surgical clamp or distractor or can surround the wound at all
sides such as with an elastic band. In some embodiments, the compression element 121 can
include a tacky or rubberized surface or an adhesive to improve contact with the tissue and
prevent relative movement of the compression element 121 over the tissue surface during
wound closure.

Some types of incisions and wounds are characterized by a greater area at the base
(i.e., the deepest portion) of the wound than at the skin surface. Fig. 15A illustrates a cross-
section of such a wound, which may be a pressure ulcer, a sacral decubitus ulcer, or an ischial
decubitus ulcer in some embodiments. Such a wound could also be generated by drainage of
a fluid-filled cavity such as an abscess or seroma. The inset wound 1610 is characterized by
overhanging skin flaps 1604 that are undermined by a portion of the wound volume 1612.
The undermined portion of the wound volume 1612 may create an especially difficult barrier
to healing because of the risk of seroma or bacterial infection should the surface portion of
the wound close before the margins in the hidden portion are properly closed. Due to the
location and orientation of some ulcers of this type, the inset wound 1610 can lie in a
concavity in the tissue 1600 with respect to high points 1602 surrounding the inset wound
1610. As a result, typical surgical dressings applied to the wound cannot apply sufficient
pressure on the wound surface to effect proper drainage or to encourage the margins of the
inset wound 1610 at the surface and in the undermined portion 1612 to properly approximate.

Fig. 15B illustrates a wound closure device 1000 that can be applied to an inset
wound 1610 in accordance with various embodiments of the present invention. The wound
closure device 1000 can include a compression element such as a bladder 1010, a drape 1050,
an inlet 105, and a porous stem 1020. The wound closure device 1000 can be placed within
the inset wound 1610. When negative pressure is applied at the inlet 105 as shown in Fig.
15C, the device 1000 can conform to the surface of the tissue 1600 and provide compressive
force to the skin flaps 1604 to create apposition of the wound tissue under the skin flips and
at the base of the wound. In some embodiments, additional compressive force can be

generated by inflating or filling the compression element. By forcing the wound margins into
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apposition, the wound margins can approximate more quickly and can close off the
undermined portion 1612 before approximation and closure occurs at the skin surface. An
exemplary application of a wound closure device 1000 to bring the margins in the
undermined portion into opposition is shown in Fig. 15D.

Fig. 15E illustrates a cross-sectional view of a wound closure device 1000 that
includes a surgical drain device 660 in accordance with various embodiments of the present
invention. The stem 1020 of the wound closure device 1000 can be in contact with at least a
portion of the surgical drain device 660. As described above with reference to Figs. 6 and 9-
12E, the surgical drain device 660 can include apertures 27 to allow wound margins on
opposite sides of the drain device to come into contact through the device. In some
embodiments, the surgical drain device 660 can include drain tubes 30 to carry fluid from the
wound 1610 to the stem 1020. In some embodiments, the drain tubes 30 can be attached to
the stem 1020 or another element of the wound closure device 1000 and can be removed from
the surgical drain device 660 when the wound closure device 1000 is removed from the
wound 1610. In some embodiments, the surgical drain device 660 can include drain channels
that are coupled to the stem 1020 to allow fluid to be drawn to the stem 1020 and out of the
wound cavity.

In some embodiments, the surgical drain device 660 can include tissue anchors 440 as
described previously. The tissue anchors 440 can attach to the wound margins on the
underside of the skin flaps 1604 and at the base of the wound. In some embodiments, the
tissue anchors 440 can improve approximation of wound margins that, due to tissue
inelasticity or wound geometry, simply cannot stretch enough to meet under pressure from
the bladder 1010.

In accordance with various embodiments, the stem 1020 can be a collapsible element
that can collapse in both the horizontal and vertical directions (i.e., the depth and lateral
directions according to the wound geometry). As negative pressure is applied, the stem 1020
can collapse in the vertical direction to allow wound margins in the undermined portion 1612
of the wound 1610 to approximate. The stem 1020 can also collapse in the horizontal
direction to allow the wound margins in the surface portion of the wound (i.e., the skin flaps
1604) to approximate. In some embodiments, the stem 1020 can contain a collapsible
structure as described above with reference to previous embodiments.

Fig. 16A shows a perspective view of a wound closure device 1000 in accordance

with various embodiments of the present invention. In accordance with various embodiments,
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the device 1000 can include a compression element such as a bladder 1010, a porous stem
1020, a port 1012, and a pressure sensor 1014.

The bladder 1010 of the wound closure device 1000 can be made of any suitable
material including, but not limited to, plastics, rubbers, or fabrics. The bladder 1010 can have
a level of malleability and compliance such that it can mold to fill irregularities across a
tissue surface. In some embodiments, the bladder 1010 may be filled with air or other gases,
liquids such as saline, or colloidal materials such as gels or foams. In some embodiments, the
bladder can be inflated by introducing filler material through the port 1012. As a non-limiting
example, the bladder 1010 can be filled by a pump such as a hand- or battery-operated
portable pump. One skilled in the art will appreciate that other methods of filling the bladder
1010 are also contemplated as being within the scope of the present invention including in-
house and other stationary pressure sources, mouth-blowing, and integrated pumps or micro-
pumps mounted within or on the bladder 1010. In some embodiments, the pressure within the
bladder 1010 can be adjusted by the patient. In some embodiments, the bladder 1010 can
include an integrated or detachable pressure gauge to measure the level of pressure within the
bladder 1010.

The porous stem 1020 can be made of any suitable material including, but not limited
to, biocompatible foam or gauze. In accordance with various embodiments, the porous stem
1020 can compress as negative pressure is applied as shown in the transformation of the stem
between Figs. 15B and 15C. The porosity of the stem 1020 can allow fluids to be drawn up
within or through the stem 1020 to facilitate drainage of the wound 1610.

As with most wounds, an inset wound 1610 may be sensitive to the applied pressure.
If the applied pressure is too great, adverse healing may ensue due to restricted blood flow or
other causes. The pressure sensor 1014 can detect the magnitude of the applied force on the
tissue at the surface of the skin. In some embodiments, the pressure sensor 1014 may be
connected to the inlet 1012 to relieve overpressure within the bladder 1010 when the level of
pressure on the tissue surface is too high.

When applied to a wound 1610, the wound closure device 1000 can include a drape
1050 to create a leak-free seal between the wound closure device 1000 and the surface of the
tissue 1600. In some embodiments, the drape 1050 can be made from materials including
plastics or tapes and further including biocompatible materials. In some embodiments, the
drape 1050 can include adhesives or surgical glues as described above. The drape 1050 can
improve sterility of the wound 1610 during healing by preventing ingress of dirt or bacteria.

In some embodiments, the drape 1610 can extend from the wound 1610 to beyond at least the
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high points 1602 of the surrounding tissue surface. In some embodiments, the drape 1050
includes an inlet 105 through which negative pressure may be applied to the wound closure
device 1000.

Fig. 16B illustrates a cross-sectional view of a wound closure device 1000 having a
shell 1015 in accordance with various embodiments of the present disclosure. In various
embodiments, the shell 1015 can be a separate external element attached to the bladder 1010
or can be integrated within the bladder 1010. The shell 1015 can be made of unyielding, firm,
or rigid materials such that it holds its shape and is not pliable like the remainder of the
bladder 1010. When negative pressure is applied to the device 1000, the drape 1050 will pull
taut against the shell and apply pressure downward. Because of the rigidity of the shell 1015,
the applied pressure will be primarily directed into the tissue 1600 (rather than into reshaping
the bladder 1010) and thereby increase the overall force that can be applied to the skin flaps
1604 for the same level of negative pressure as compared to a device 1000 having no shell
1015.

Fig. 16C illustrates a cross-sectional view of a wound closure device 1000 with a
drain tube 1024 that passes through the bladder 1010. An alternative location of a drain tube
1026 is shown in Fig. 16D. In this embodiment, the drain tube 1026 passes below the bladder
1010 and beyond the bladder’s periphery. In some embodiments, a pump can be connected to
the drain tube 1024, 1026 to extract accumulated fluids via the porous stem 1020. In some
embodiments, the drain tubes 1024, 1026 can be connected with the inlet 1012 to allow a
single source of negative pressure to extract accumulated fluids and to create negative
pressure within the wound closure device 1000.

Fig. 16E illustrates an embodiment of a modular bladder 1010 in accordance with
various embodiments of the present invention. The modular bladder 1010 may be made of
individual sections 1011 separated by seams 1017. In some embodiments, the modular
bladder 1010 may be cut or torn along the seams to remove sections 1011 until the desired
bladder size is achieved. In accordance with various embodiments, each bladder section 1011
may be individually inflatable or fillable to provide different levels of pressure at different
points on the bladder 1010. Although the modular bladder 1010 is depicted as having a grid
of square sections, it is also contemplated that the modular bladder could include concentric
ring sections, tessellating sections having other shapes than rectangles, or any other suitable
shape as dictated by application-specific needs. In some embodiments, the seams 1017 can be
self-sealing or self-healing such that each section 1011 becomes or remains pressurized or

filled upon cutting or tearing at the seams 1017.
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Fig. 17 illustrates an exemplary methodology 1200 for wound healing and closure in
accordance with various embodiments of the present invention. In step 1202, an open wound
at a body region having a depth including a deep portion and a shallow portion is surgically
prepared for negative pressure wound therapy. For example, the open wound can be an
amputation wound in a body region such as an amputated limb. A wound closure device is
configured that includes a collapsible compression structure for the wound opening (step
1204). The configured wound closure device has a size and shape that conforms to the wound
opening. The wound closure device is placed over the open wound (step 1206). Negative
pressure is applied at a port or inlet to cause the compression structure to at least partly
collapse (step 1208). The collapse of the compression structure causes the deep portion of the
wound margins to close before the shallow portion. The wound closure device can optionally
be removed and a second wound closure device can be applied to the wound (step 1210). The
wound closure device can be removed, and the wound closure can be completed with or
without sutures (step 1212).

Fig. 18 illustrates an exemplary methodology 1400 for wound healing and closure in
accordance with various embodiments of the present invention. A wound in a tissue that has a
depth including a deep portion and a shallow portion is surgically prepared for negative
pressure wound closure therapy (step 1402). A wound closure device including a collapsible
structure, flaps, and a port or inlet is configured (step 1404). The collapsible structure has a
radius of curvature. Optionally, a surgical drain device is placed into the wound. The wound
closure device is placed over the wound in the tissue (step 1406). A surface of the tissue
surrounding the sound defines a radius of curvature that is greater than the radius of curvature
of the collapsible structure. The tissue is optionally compressed on opposite sides of the
wound while the wound closure device is attached to tissue surfaces surrounding the wound
(step 1408). Negative pressure is applied at the inlet to cause the collapsible structure to at
least partly collapse (step 1410). The collapse of the collapsible structure causes the deep
portion of the wound to close before the shallow portion. The wound is drained of fluids
during movement of the wound margins (step 1412). The wound closure device is removed
from the wound, and the wound is closed with or without sutures (step 1414).

Fig. 19 illustrates an exemplary methodology 1500 for wound healing and closure in
accordance with various embodiments of the present invention. A wound that includes an
undermined portion and a surface portion is surgically prepared for negative pressure wound
therapy (step 1502). A wound closure device is configured including a compression device, a

drainage element, and a port or inlet (step 1504). For example, the compression device can be
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a bladder 1010 as described previously herein. The wound closure device is placed into the
wound (step 1506). Negative pressure is applied at the inlet to cause the bladder to exert
pressure on a surface of the tissue (step 1508). The pressure exerted by the bladder causes the
undermined portion of the wound to close before the surface portion. The wound is drained of
fluids through the drainage element during movement of the wound margins (step 1510). The
wound closure device is removed from the wound, and the wound is closed with or without
sutures (step 1512).

Fig. 20 illustrates an exemplary methodology 1700 for wound healing and closure in
accordance with various embodiments of the present invention. A wound in a tissue that
includes an undermined portion and a surface portion is surgically prepared for negative
pressure wound therapy (step 1702). A wound closure device including a compression
device, a drainage element, and a port or inlet is configured (step 1704). The drainage
element is collapsible in the horizontal and vertical directions. An exemplary compression
device can include a bladder 1010 as described previously herein. A surgical drain device is
configured (step 1706). The surgical drain device and the wound closure device are placed
into the wound (step 1708). The surgical drain device is placed ahead of the wound closure
device and the surgical drain device and wound closure device are in contact after placement.
Negative pressure is applied at the inlet to cause the compression device to exert pressure on
the wound and a surface of the tissue surrounding the wound (step 1710). The pressure
exerted by the compression device collapses the drainage element of the wound closure
device in the vertical and horizontal directions to approximate wound margins in the
undermined portion and wound margins at the surface portion, respectively. The wound is
drained of fluids during movement of the wound margins (step 1712). The wound closure
device is removed from the wound, and the wound is closed with or without sutures (step
1714). A portion of the surgical drain device remains in the closed wound.

In some embodiments, the wound closure device can define one or more curved axes
along which collapsing motion can occur. In an exemplary embodiment, the curved axes can
be parallel azimuthal lines at nearly constant radius in a cylindrical coordinate system at
different points along the height of the cylinder. The wound closure device can collapse
primarily along the curved axis in some embodiments. In some embodiments, the wound
closure device can define at least two curved axes that are perpendicular. For example, a first
curved axis can be an azimuthal line at nearly constant radius in a cylindrical coordinate

system with the height axis across the wound margins and a second curved axis can be an
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azimuthal line at nearly constant radius in a cylindrical coordinate system with the height axis
along the wound margins.

As shown in FIGs. 21 and 22, the moveable structure 2005 can attach to the
collapsible structure 102. The moveable structure 2005 can provide several advantages. In
some embodiments, the moveable structure 2005 can provide additional support to the
collapsing structure 102 that are substantially perpendicular to the walls 107 to prevent tilting
of the compression structure 102 during application of negative pressure. In some
embodiments, the structure 2005 operates as an anti-adhesion layer that can prevent tissue
within the wound from inhibiting movement of the structure 102. By this contact, the
structure 102 can slide freely along the underlying tissue.

In various embodiments, elements of structure 2005 can include, but is not limited to,
biocompatible plastics such as polytetrafluoroethylene-based polymers. The structure can be
biocompatible and/or sterile in various embodiments.

In exemplary embodiments, the structure 2005 can include scales or lamellae 2010.
The scales can be thin with thickness of less than 2 mm and have rounded edges to reduce
friction. The shapes and thicknesses can vary across the array of scale elements. The scales
2010 can be layered in the structure 2005 to reduce or prevent gaps that allow tissue ingrowth
or adhesion. In some embodiments, each scale 2010 can be attached to the structure 102. For
example, each scale can be attached at a pivot point 2002 on a wall 107 where the wall 107
connects to arigid or semi-rigid membrane 109. In various embodiments, the attachment
2020 between a scale 2010 and the wall 107 can be a mechanical attachment such as a peg or
can be an adhesive. The pivot points 2002 can be hinges or flexure points. In some
embodiments, the scales 2010 can include channels 2012 along portions of the scale 2010.
The channels 2012 can allow fluid flow and scale movement while preventing tissue
ingrowth between scales 2010. The scales can overlap adjacent scales, can be dovetailed or
interleaved to accommodate relative movement between adjacent scale elements or rows of
elements as illustrated. Note, for example, as elements 109 pivot about hinge points 2002,
elements on a first side of panel 107 rotate in a first direction 2007 towards panel 107 under
negative pressure. Elements 2011 on the opposite side of panel 107 rotate in a second
direction 2009 towards the panel 107. In preferred embodiments, the elements 2010, 2011
can be mounted rigidly to the overlying structure 102 at a single point or at a plurality of
points for each element. Alternatively, that can rotate around a single point or be limited to
rotate through an angle or range. The scale elements can form an array that is used to

contract a flat tissue surface or a curved surface or surfaces as described herein. The scales
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can extend peripherally over skin tissue, for example, or can extend peripherally from a
structure positioned within the wound and between tissues and extend laterally from the
wound opening. The scales can also be mounted to a domed structure as shown in FIGs. SA-
5D.

FIGs. 23 and 24 illustrate a wound treatment device including structure 2005 in
accordance with various embodiments of the present invention. In some embodiments, the
structure 2005 can include scales 2010. In some embodiments as shown in FIG. 23, the
scales may be interdigitated wherein each of the scales 2010 is located above or below both
of its neighbors. In alternative embodiments as shown in FIG. 24, each scale 2010 can be
located alternately above and below neighboring scales.

A procedure known as a fasciotomy can be performed to relieve pressure or tension in
an area of tissue or muscle and can be used to treat acute compartment syndrome among
other conditions. The fasciotomy includes creation of an incision that can be 5 to 10 inches
(12.7 to 25.4 cm) long and cutting of the fascia surrounding the muscle to relieve pressure.
As a result, muscle often can intrude or bulge out of the wound and make subsequent closure
of the wound by bringing together the wound margins significantly more difficult. If the
wound is not closed within 7-10 days, for example, the configuration of skin and muscle
tissue can “freeze” in place as tissue adhesions take hold. Thus, it can be crucial to address
wound closure in as timely a manner as possible. Systems and methods described herein can
facilitate closure of fasciotomy wounds and other types of wounds as described previously
herein.

FIGs. 25 and 26 illustrate, respectively, a cross-sectional view and a top view of a
fasciotomy wound treated by a wound closure device as described herein. As described
above, the muscle 2150 can bulge out of the open wound after the fascia is cut. As a result,
the fatty tissue 2100 and skin on opposite margins of the incision can resist being brought
into close opposition. In a preferred embodiment, the wound closure device can include a
first collapsible structure 102 above the wound and a structure 2170 within the wound. In
some embodiments, the structure 102 can be similar to that described above with reference to
Fig. 6. In other embodiments, the structure 2170 can be similar to the depicted material in
FIGs. 25 and 26. For example, the structure 2170 can include a series of first struts or
members connected perpendicularly to a series of second struts or members. In various
embodiments, the connections between the first struts and second struts can flex or hinge to
accommodate collapse of the wound filler material, as provided in Figs. 7-8 described herein.

The first structure 102 can be coupled to, or operate separately from structure 2170.
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Structure 102 can collapse along a firs arcuate path 2061 whereas structure 2170 can collapse
along arcuate path 2059. The arcuate paths 2059, 2061 can have the same or different radii
of curvature. The structures can collapse at the same rate or at different rates depending upon
the morphology of the wound and the treatment protocol.

In another preferred embodiment, the wound closure device 2170 can have tissue
anchors 2057 on peripheral surfaces to engage adjacent tissue. Anchors 2057 are described,
for example, in U.S. Patent No. 9,421,132 and also in U.S. Patent No. 9,597,484, the entire
contents of these patents being incorporated herein by reference. Also, scales that extend
outside the peripheral edges of structure 2170 can also optionally include tissue anchors 2055
on one or both sides. In the depicted embodiment, anchors 2055 can grasp the overlying
tissue 2100, thereby applying a lateral force toward the opposing wound margin to aid in
closure while the scales 2050 slide over the underlying tissue 2150.

The structure or wound filler material 2170 can connect to scaled elements 2050 in
some embodiments. Alternatively, a layer of scales can be provided separately in which the
scales comprising an interconnected array of elements that form a flexible layer positioned
between the collapsing structure and a tissue layer such as muscle or fascia, or at layer of fat,
for a surface of skin or dermis. The elements 2050 can be placed between the underlying
muscle tissue 2150 and the skin and/or fatty tissue 2100 to promote relative translation
between the components as the wound closes. As the wound closes, the scales 2050 can slide
across one another and move or slide relative to the underlying and overlying tissue. The
scale elements 2050 can prevent adhesion between the muscle tissue 2150 and the overlying
fatty tissue or skin 2100. In some embodiments, the scale elements 2050 and wound filler
material 2170 can replace the use of foam in wound recovery.

FIG. 27 illustrates a wound closure device 1000 that can be applied to an inset wound
1610 at the surface to properly approximate the wound margins in an undermined portion
1612 of the wound. The wound closure device 1000 can be used in treating wounds after
“drainless” abdominoplasty, for example. In drainless abdominoplasty, no drain is placed at
the completion of an operation to carry accumulating fluids to the surface of the tissue and
out of the patient. Some drainless abdominoplasty operations involve the use of progressive
tension sutures techniques while others preserve Scarpa fascia or sub-Scarpa fascia fat. At the
end of an operation, sutures 2605 may be placed to help secure tissue in the undermined area
1020 and at the tissue surface. Alternatively, the systems and methods described herein for
reduced suturing or sutureless wound closure can also be employed. The bladder 1010 of the

wound closure device 2600 can generate downward pressure on the wound to aid the tissue
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above and below the undermined portion at approximating and promote tissue granulation
and healing while minimizing the risk of seroma.

The wound closure device 1000 can be applied in several stages. First, the deflated
bladder 1010 can be placed over the wound and the drape 1050 can be pulled taut over the
bladder 1010 and secured to surrounding tissue at the perimeter of the drape 1050. Next, the
bladder can be inflated through the inlet 1012. As the bladder 1010 inflates, it is confined
between the tissue surface and the drape 1050 and the pressure inside the bladder 1010 begins
to increase. As a result, the pressure on the tissue causes the overhanging tissue in the
undermined portion to press down on the base of the wound and stabilize.

In some embodiments, the wound and overlying tissue layers can be substantially
concave. This type of wound can be difficult to heal because force cannot be leveraged from
adjacent or surrounding tissue into the depression caused by the concavity. Systems and
methods described herein can address this difficulty by providing the inflated bladder 1010
confined by the drape 1050. In some embodiments, the volume of the inflated bladder 1010
is such that it can still apply a sufficient pressure to the concave wound to stabilize the tissue
layers within the wound. In some embodiments, the pressure applied by the bladder or other
suitable pressure applying device 1010 to the wound, wound opening, or surrounding tissue
can be in a range from 10 to 50 mmHg (approximately 10 to 50 Torr), in a range from 20 to
40 mmHg (approximately 20 to 40 Torr), or in a range from 30 to 35 mmHg (approximately
30 to 35 Torr).

FIG. 28A illustrates the wound closure device 1000 placed over a wound that has
been sutured closed in keeping with the principles of drainless surgical techniques. The
wound includes a surgical drain device 660 as described previously with regard to FIGs. 11,
12A-12E, and 15E. In this embodiment, the surgical drain device 660 can be placed without
drains 30 as in earlier embodiments. The apertures 27 extend through the device such that
tissue on opposing sides extends into and through the device. In this embodiment, the surgical
drain device 660 can help prevent the formation of voids that can lead to seroma while
pulling opposing portions of tissue into alignment using tissue anchors 28, 404 as described
above. In some embodiments, the surgical drain device 660 includes entirely biodegradable
materials such that the device is absorbed into the body tissue as the tissue heals and closes
the wound.

FIG. 28B illustrates a wound closure device placed into an offset wound that can be
created as a result of some surgical procedures. The device can be placed not over the suture

or opening to the wound or injury but offset to the side as shown. The device can provide
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downward pressure onto the overlying flap to cause the flap to maintain contact with the
more internal portion of tissue and to reduce micromotion between tissue surfaces. Although
the embodiment shown in FIG. 28B is a “drainless” closure, the surgical drain device 660 can
include drains in some embodiments and a drain can be placed that exits the wound to bring
fluids and effluvia to the surface and out of the patient.

FIG. 28B depicts the device 660 before the application of negative pressure that
causes the tissue anchors 404 (optional) to be directed into the tissue on opposite sides and
also causes displacement 670, 672 of tissue portions into apertures 27 from both sides to
contact one another and fill the apertures.

FIG. 29 illustrates a wound closure device 2800 in accordance with various
embodiments described herein. The wound closure device 2800 includes individual inflatable
sections 2811 that can be individually inflated. In some embodiments, the inflatable sections
are similar to those described above with respect to FIG. 16E. For example, the inflatable
sections 2811 can be modular in some embodiments. The use of individual inflatable sections
2811 allows for application of different levels of pressure at different locations along the
wound. For example, some tissue areas in the wound may naturally lie closely opposite with
little lateral movement while others may naturally include larger gaps where opposing tissues
do not approximate well. Such poorly approximated areas may require a higher level of
pressure or a greater volume of air in the individual section overlying the area to reach the
requisite pressure.

In some embodiments, each inflatable section 2811 can have an inlet 2810 to allow
inflation of the section. In some embodiments, a pressure regulator 2815 can be located near
the inlet 2810 to supply a consistent air pressure. In some embodiments, the pressure
regulator 2815 can act as a vent that prevents overpressure inside the inflatable section. In
some embodiments, the pressure regulator 2815 can be operatively connected to a sensor
2820 within the inflatable member 2811. If the sensor detects an overpressure condition, the
pressure regulator 2815 can vent the inflatable member until an appropriate pressure is
reached.

In various embodiments, the sensor 2820 can include a pressure sensor that directly
detects the pressure within each of the inflatable members. In some embodiments, the sensor
2820 can measure the gas or fluid pressure directly in each section or indirectly through its
effect on the tissue. For example, the sensor 2820 can include an optical sensor that can
perform a colorimetric measurement on the tissue and determine a level of perfusion of the

tissue. If perfusion is minimal, it may be an indication that the wound closure device 1000 is
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pressing too hard on the tissue and cutting off blood flow in the microvasculature. In such an
embodiment, the pressure regulator 2815 can receive a signal to reduce the pressure at that
area until normal perfusion is restored.

In some embodiments, the sensor 2820 can include a temperature sensor to sense the
temperature of adjacent tissue. For example, the sensor 2820 can include a thermistor. As
pressure is applied to the tissue, capillaries within the tissue can be occluded or blocked and
blood perfusion into the tissue can be adversely affected. As the tissue experiences reduced
circulation, the color and temperature of the tissue can change. Sensors 2820 associated with
each individual inflatable section 2811 can detect localized temperature of the tissue at the
position adjacent to that inflatable section 2811. In some embodiments, the sensor 2820 can
directly contact the tissue, e.g., the sensor 2820 can be placed between the tissue and the
inflatable section(s) 2811. Although FIG. 29 illustrates the sensors 2820 positioned along a
single dimension, sensors 2820 can be placed across two dimensions over at least a portion of
the surface of the wound or wound opening to create a two-dimensional map of temperature
vs. areal position in or around the wound opening.

A pump 2850 can provide positive pressure, negative pressure, or both to the wound
closure device 1000. The pump 2850 can be connected to a drain outlet 2805 to provide
negative pressure to the interior of the wound closure device. Negative pressure applied
through the drain outlet 2805 can help the inflatable sections 2811 apply pressure to the
wound. In addition, any fluid that exits through the stitches 2605 can be pulled out of the
wound closure device 1000 and into the pump 2850.

The pump 2850 can also provide the positive pressure needed to inflate the inflatable
sections 2811. In some embodiments, a manifold can be used to connect a single pump 2850
to a myriad of inflatable sections 2811 simultaneously. In alternative embodiments, separate
tubes can be used to connect the inlet 2810 of each inflatable section 2811 with separate
pumps 2850. The manifold can include valves that close off individual lines to individual
inflatable sections 2811.

The pump 2850 can be mechanical, electrical, or hand-operated (e.g., a syringe
pump). Although a single pump 2850 is shown in FIG. 29, multiple pumps including a
mixture of mechanical, electrical, and hand-operated pumps can be used with systems and
methods described herein. An exemplary pump for use with systems and embodiments
described herein can include the SNAP™ Therapy Cartridge (Acelity, San Antonio, TX).

In some embodiments, inflatable bladder sections 2811 can be used in conjunction

with systems and methods described herein to promote healing of wounds 150 at extremities
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caused, for example, as a result of amputation. As shown in FIG. 30, the wound closure
device 2900 can be applied substantially as described above with reference to FIGS 1-4. A
drape 2920 can be placed over the wound closure device and inflatable sections 2911 of a
bladder in a deflated state. The edge of the drape 2920 can be secured to adjacent, unaffected
tissue away from the wound. Then, each inflatable section 2911 can be inflated using an inlet
2910 to apply inward pressure to cause the wound 150 to close from the deepest portion 150a
to the shallowest portion 150b.

FIG. 31 illustrates a wound closure device 2800 applied to a drainless abdominal
injury according to various embodiments of the present invention. Elements of the wound
closure device can be communicatively connected to a data processing device 3102 to enable
automated data analysis and control of the pressure applied to the tissue surface. As seen in
FIG. 31, the sensors 2820 can send temperature information to a data processing device 3102
or other controller in some embodiments. The sensors 2820 can communicate wirelessly or
through a wired connection with the data processing device 3102. The wired connection can
pass through the drape or under an edge of the drape in various embodiments. The wired
connection can pass between or through inflatable sections 2811 in various embodiments.
The sensors 2820 can send sensing data related to pressure, temperature, and/or blood flow at
the tissue surface, within the tissue, or within or around the wound opening. The sensor data
can be indicative of loss of capillary blood flow in the microvasculature of the tissue in some
embodiments.

The data processing device 3102 can control the pump 2850, the pressure regulators
2815, or valves in the manifold that connects the pump to the inlets 2810 of each inflatable
section 2811. The data processing device 3102 can analyze or monitor the sensor data
received from the sensors 2820 in some embodiments to determine if the tissue is receiving
adequate blood flow. If the pressure that is applied to the tissue is too high, the micro-
capillaries in the tissue can become occluded or blocked preventing blood flow. Outward
indications of a lack of blood flow in the microvasculature can include changes in tissue color
(e.g., the tissue becomes less pink/red and more white) and changes in temperature (e.g., the
temperature of the tissue can fall as warm blood is prevented from entering). The sensors
2820 can detect these changes in various embodiments. The data processing device 3102 can
process, monitor, or analyze the sensor data to determine if blood flow in the tissue is
becoming restricted. The data processing device 3102 can then adjust the pressure regulating
device (e.g., the pump 2850, pressure regulators 2815, or valves) using a control circuit to

change the pressure applied to the tissue. In some embodiments involving an array of sensors
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2850, the data processing device 3102 can receive data from each of the sensors in the array
and control the pressure in the inflatable section 2811 adjacent to the sensor 2820 that is
indicating low blood flow in the tissue. In some embodiments, the sensors 2850 can measure
data related to the pressure or contact area of the inflatable section 2811. For example, the
sensor 2850 can measure whether an inflatable section is or is not contacting the tissue
surface or whether the inflatable section 2811. In some embodiments, the data processing
device 3102 can control the pressure regulating device to increase the pressure in an
inflatable section when a related sensor detects that the pressure being exerted by that
inflatable section 2811 on the tissue surface is insufficient to create downward force on the
wound.

The wound closure device 2800 can include a biodegradable insert 3110 in some
embodiments. The biodegradable insert 3110 can stabilize the wound and provide structure
to the interior of the wound opening in some embodiments. The biodegradable insert 3110
can remain in the wound after closure and dissolve thus obviating the need for removal of the
insert. In some embodiments, the biodegradable insert 3110 can include a surgical drain
device 660 as described above with reference to other embodiments.

Note that negative pressure can optionally be applied in combination with the
downward pressure applying device before the wound is closed and/or after the wound is
closed. The wound can be closed during treatment with the pressure applying device without
sutures.

FIG. 32 illustrates a flowchart for a method of controlling pressure applied to a wound
according to various embodiments of the present invention. The method 3200 includes
positioning a pressure-applying device over a tissue surface adjacent to a wound opening
(step 3202). The pressure-applying device can include the various bladders and wound
closure devices described above including those devices having inflatable sections. The
method includes positioning a sensor with the pressure-applying device and the tissue surface
to measure a condition of the tissue and/or the pressure applying device (step 3204). For
example, the sensor can be disposed between the wound closure device and the tissue surface
such as between the surface and inflatable sections. As described above, the sensor can
measure optical properties, temperature, or pressure of the surface or pressure of the
inflatable sections in various embodiments. The method 3200 includes attaching the pressure-
applying device to the tissue surface using a drape or other attachment device (step 3206).
The attachment of the pressure-applying device allows the device to exert a downward

pressure on the wound.
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The method 3200 includes sensing data related to pressure, temperature, and/or blood
flow at the tissue surface or within the tissue or wound opening (step 3208). The method
3200 includes monitoring and/or analyzing sensor data with a data processing device to
determine whether blood flow is restricted within the wound and/or at the tissue surface (step
3210). For example, the data processing device 3102 described above can receive and
analyze or monitor the sensor data. The method 3200 includes controlling a level of pressure
applied to the tissue surface by the pressure-applying device adjacent to the wound opening
using a pressure regulating device (step 3212). The data processing device can control the
pressure regulating device if a determination is made that blood flow is restricted at the tissue
surface or within the wound in various embodiments. As described above, the pressure
regulating device can include pumps, valves along tubes or manifolds, or pressure regulators.

In some embodiments, a sequential inflation procedure can be used to apply pressure
in stages as the wound 150 closes from deep to shallow. The inflatable sections 2911 nearest
the edge of the drape 2920 can first be inflated to create pressure laterally at the deepest
portion. Next, the adjacent inflatable sections 2911 can progressively be inflated in sequence
until even the inflatable sections 2911 laterally adjacent to the shallowest portion 150b of the
wound 150 are inflated. This sequence can progress over time periods from seconds to
minutes to days as tissue healing proceeds.

While the present inventive concepts have been described with reference to particular
embodiments, those of ordinary skill in the art will appreciate that various substitutions
and/or other alterations may be made to the embodiments without departing from the spirit of
the present inventive concepts. Accordingly, the foregoing description is meant to be
exemplary and does not limit the scope of the present inventive concepts.

A number of examples have been described herein. Nevertheless, it should be
understood that various modifications may be made. For example, suitable results may be
achieved if the described techniques are performed in a different order and/or if components
in a described system, device, or method are combined in a different manner and/or replaced
or supplemented by other components or their equivalents. Accordingly, other

implementations are within the scope of the present inventive concepts.
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CLAIMS

1. A drainless wound closure device comprising:

a pressure applying device positioned over a tissue surface adjacent to a wound
opening;

a drape positioned to attach the pressure applying device to the tissue surface; and

a pressure regulating device to control a pressure applied to the tissue surface adjacent

to the wound opening.

2. The drainless wound closure device of claim 1, wherein the pressure applying device

includes a bladder.

3. The drainless wound closure device of claims 1 or 2, wherein the bladder includes a
plurality of individual inflatable sections that can be individually inflated to generate

downward pressure on the wound opening.

4. The drainless wound closure device of any of claims 1-3, wherein the plurality of
individual inflatable sections each include an inlet to allow fluid or gas to enter and leave the

bladder.

5. The drainless wound closure device of any of claims 1-4, wherein the pressure

applying device includes pressure regulator to treat a pressure ulcer or an abdominal wound.

6. The drainless wound closure device of claim 5, wherein the pressure regulator is

coupled to an individual inflatable section of the pressure applying device.

7. The drainless wound closure device of claim 1, wherein the pressure regulating device

includes a vent.

8. The drainless wound closure device of any of claims 1-7, further comprising a sensor
for the pressure applying device or the tissue surface to measure a condition of the tissue or
the pressure applying device and optionally wherein the wound is treated with the pressure

applying device after wound closure.
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9. The drainless wound closure device of claim 8, wherein the sensor is an optical
Sensor.
10. The drainless wound closure device of claim 9, wherein the optical sensor is

configured to perform a colorimetric measurement on at least a portion of the tissue surface.

11. The drainless wound closure device of claim 8, wherein the sensor is configured to

measure gas or fluid pressure.

12. The drainless wound closure device of claim 8, wherein the sensor includes a

temperature sensor.

13. The drainless wound closure device of claim 1, further comprising an outlet and

without a fluid drain device.

14. The drainless wound closure device of any of claims 1-13, further comprising a pump
connected to the outlet to provide negative pressure to the interior of the drainless wound

closure device.

15. The drainless wound closure device of claim 13, wherein the pump is connected to the

pressure applying device to inflate the pressure applying device.

16. The drainless wound closure device of claim 13, wherein the pump is a syringe pump.
17. The drainless wound closure device of any of claims 1-16, wherein the wound
includes an undermined region and a surface region and optionally wherein the wound being
closed without sutures.

18. The drainless wound closure device of claim 1 further comprising a surgical drain

device positioned within the wound opening during wound closure to promote tissue

stabilization.
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19. The drainless wound closure device of any of claims 1-18 wherein the surgical drain
device comprises a layer of biodegradable material having a plurality of spaced apertures and

optionally further comprising applying negative pressure to the wound.

20. The drainless wound closure device of claim 19, wherein both sides of the layer of

biodegradable material include tissue anchors to attach securely to a tissue surface.

21. The drainless wound closure device of claim 1, further comprising:

a collapsible structure positionable external to the wound opening, the collapsible
structure extending over at least a portion of tissue of the wound opening, the collapsible
structure having articulating elements that are displaced during movement of spaced apart
wound margins of the wound opening; and

a plurality of scale elements positioned between the collapsible structure and a tissue

surface.

22. The drainless wound closure device of claim 8, further comprising a data processing
device operatively connected to the sensor and the pressure applying device, wherein the data
processing device executes instructions to:

receive data from the sensor related to pressure, temperature, or blood flow at the
tissue surface or within the tissue or wound opening;

monitor or analyze data to determine whether blood flow is restricted within the
wound or at the tissue surface; and

in response to determining that blood flow at the tissue surface is restricted, control

the pressure regulating device to control a level of pressure applied to the tissue surface.

23. The drainless wound closure device of claim 22, wherein the level of pressure applied

to the tissue surface is controlled within a range of 10 and 50 mmHg.

24. The drainless wound closure device of claim 23, wherein the level of pressure applied

to the tissue surface is controlled within a range of 20 and 40 mmHg.

25. The drainless wound closure device of claim 24, wherein the level of pressure applied

to the tissue surface is controlled within a range of 30 and 35 mmHg.
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26. A compression wound closure device for treating an open wound, comprising:
a plurality of individual inflatable sections that can be individually inflated to generate
downward pressure on a wound opening; and

a drape placed over the bladder and secured to tissue surrounding the wound opening;

27. The compression wound closure device of claim 26, wherein the plurality of
individual inflatable sections each include an inlet to allow fluid or gas to enter and leave the

bladder.

28. The compression wound closure device of claim 27, further comprising a pressure

regulator located adjacent to the each inlet.

29. The compression wound closure device of claim 28, wherein at least one of the

pressure regulators acts as a vent.

30. The compression wound closure device of claim 28, further comprising a sensor
disposed within or adjacent to each inflatable member, each sensor operatively connected to a

corresponding pressure regulator.

31. The compression wound closure device of claim 30, wherein each sensor is an optical
Sensor.
32. The compression wound closure device of claim 31, wherein each optical sensor is

configured to perform a colorimetric measurement on tissue.

33. The compression wound closure device of claim 30, wherein each sensor is

configured to measure gas or fluid pressure.

34. The compression wound closure device of claim 30, wherein each sensor is

configured to measure temperature.

35. The compression wound closure device of claim 26, further comprising a drain outlet.
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36. The compression wound closure device of claim 35, further comprising a pump

connected to the drain outlet.

37. The compression wound closure device of claim 36, wherein the pump provides

negative pressure to the interior of the wound closure device.

38. The compression wound closure device of claim 36, wherein the pump is connected to
at least one of the individual inflatable sections and wherein the pump provides positive

pressure to inflate the at least one individual inflatable section.

39. The compression wound closure device of claim 27, further comprising a pump
connected to a manifold, the manifold connected to each inlet associated with the respective

individual inflatable section.

40. The compression wound closure device of claim 39, further comprising a valve

disposed at each connection between each inlet and the manifold.

41. The compression wound closure device of claim 26, further comprising a pump

connected to each inlet of the individual inflatable sections.

42. The compression wound closure device of any of claims 36-41, wherein the pump is a

syringe pump.

43. The compression wound closure device of claim 26, wherein the wound includes an

undermined region and a surface region.
44, The compression wound closure device of claim 26 further comprising a surgical
drain device positioned within the wound opening during wound closure to promote tissue

stabilization.

45. The compression wound closure device of claim 44 wherein the surgical drain device

comprises a layer of biodegradable material having a plurality of spaced apertures.
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46. The compression wound closure device of claim 45, wherein both sides of the layer of

biodegradable material include tissue anchors to attach securely to a tissue surface.

47. The compression wound closure device of claim 26, further comprising:

a collapsible structure positionable external to the wound opening, the collapsible
structure extending over at least a portion of tissue of the wound opening, the collapsible
structure having articulating elements that are displaced during movement of spaced apart
wound margins of the wound opening; and

a plurality of scale elements positioned between the collapsible structure and a tissue

surface.

48. A method for treating an open wound comprising:
surgically preparing a wound opening for negative pressure therapy;
positioning a compression wound closure device external to the wound; and
applying pressure to the wound using the compression wound closure device to exert
a force on tissue within the wound opening wherein the wound is treated with negative

pressurc.

49. The method of claim 48 further comprising applying a surgical drain device

positioned within the wound opening during wound closure to promote tissue stabilization.

50. The method of claim 49 wherein the surgical drain device comprises a layer of

biodegradable material having a plurality of spaced apertures.

51. The method of claim 50, wherein both sides of the layer of biodegradable material

include tissue anchors to attach securely to a tissue surface.

52. The method of claim 48, wherein the wound includes an undermined region and a

surface region.

53. The method of claim 48, wherein the compression wound closure device includes a

bladder.
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54. The method of claim 53, wherein applying pressure to the wound using the
compression wound closure device includes inflating at least one inflatable portion of the
bladder to impart a force on a tissue surface surrounding the wound to close wound margins

in the undermined region before closure of wound margins in the surface region.

55. The method of claim 48, further comprising adjusting a pressure inside at least one
inflatable portion of the compression wound closure device based upon measurements from a

sensor included in the compression wound closure device.

56. The method of claim 48, wherein applying pressure to the wound using the
compression wound closure device includes applying a negative pressure to create downward
force on the compression wound closure device thereby imparting a force on a tissue surface
surrounding the wound to close wound margins in the undermined region before closure of

wound margins in the surface region.

57. The method of claim 53, wherein the bladder includes more than one inflatable
portion.
58. The method of claim 57, wherein each inflatable portion has an inlet to allow fluid or

gas to enter and leave the bladder.

59. The method of claim 48, wherein the compression wound closure device comprises a
collapsible structure having a curved contour that extends over at least a portion of tissue
adjacent to the wound opening, the collapsible structure having articulating elements that are
displaced during movement of spaced apart wound margins within the wound opening and
wherein the compression wound closure device further comprises a port in fluid
communication with the collapsible structure that is connectable to a negative pressure source
such that a negative pressure is applied to remove fluid from the wound opening and impart a
force to the spaced apart wound margins operable to move the wound margins to a more

closed position.

60. The method of claim 48, wherein the compression wound closure device is connected
to a flap, the flap having a first portion and a second portion wherein the first portion is

relatively more elastic than the second portion.
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61. The method of claim 60, wherein the flaps are attached to a wrap using a first

plurality of anchoring elements.

62. The method of claim 59, wherein the collapsible structure comprises a compression

element that contacts the portion of tissue adjacent the wound opening including a stiff edge.

63. The method of claim 48 further comprising applying a drape to affix a lateral portion
of the structure to tissue surrounding at least a deep portion of the wound wherein a force on

the deep portion is greater than a force on a shallow portion of the wound.

64. The method of claim 48 wherein the compression wound closure device is positioned

to treat a fasciotomy wound.

65. The method of claim 48 wherein the compression wound closure device comprises

scale elements.

66. The method of claim 48 wherein the compression wound closure device comprises

interleaved elements.

67. A negative pressure wound closure device to treat a wound comprising;

a collapsible structure positionable external to a wound opening, the collapsible
structure that extends over at least a portion of tissue of the wound opening, the collapsible
structure having articulating elements that are displaced during movement of spaced apart
wound margins of the wound opening; and

a plurality of scale elements positioned between the structure and a tissue surface.

68. The device of claim 67 further comprising a flap having a first portion and a second

portion wherein the first portion is relatively more elastic than the second portion.

69. The device of claim 68 wherein the flaps are attached to a wrap using a first plurality

of anchoring elements.

70. The device of claim 67 wherein the collapsible structure further comprises a

compression element that contacts the portion of tissue adjacent the wound opening including
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a stiff edge, wherein each scale elements is connected to a pivot joint of the collapsible
structure, wherein the scale elements have an anti-adhesion surface that contacts the tissue
surface such that the scale elements slide on a tissue surface during movement of wound

margins.

71. The device of claim 67 further comprising a drape that affixes a lateral portion of the

structure to tissue surrounding at least a deep portion of the wound.

72. The device of claim 67 wherein the negative pressure applied causes the structure to
at least partially collapse and causes the lateral portion to apply an inward force to the deep

portion of an amputation wound to close before the shallow portion.

73. The device of claim 67 wherein a radius of curvature of the structure is different from

a radius of curvature of the tissue surrounding the wound.

74. A negative pressure wound closure device to treat a wound comprising;

a collapsible structure positionable external to a wound opening, the collapsible
structure having a curved contour that extends over at least a portion of tissue adjacent to the
wound opening, the collapsible structure having articulating elements that are displaced
during movement of spaced apart wound margins within the wound opening; and

a port in fluid communication with the collapsible structure that is connectable to a
negative pressure source such that a negative pressure is applied to remove fluid from the
wound opening and impart a force to the spaced apart wound margins operable to move the

wound margins to a more closed position.

75. The device of claim 74 further comprising a flap connected to the structure, the flap

having a first portion and a second portion.

76. The device of claim 75 wherein the first portion is relatively more elastic than the

second portion.

77. The device of claim 75 wherein the flaps are attached to a wrap using a first plurality

of anchoring elements.
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78. The device of claim 74 wherein the collapsing structure further comprises a
compression element that contacts the portion of tissue adjacent the wound opening including

a stiff edge.

79. The device of claim 74 further comprising a drape that affixes a lateral portion of the

structure to tissue surrounding at least a deep portion of the wound.

80. The device of claim 79 wherein the force on the deep portion is greater than the force

on a shallow portion.

81. The device of any one of claims 74-80 wherein the applied negative pressure causes
the structure to at least partially collapse and causes the lateral portion to apply an inward

force to the deep portion of an amputation wound to close before the shallow portion.

82. The device of claim 74 wherein a radius of curvature of the structure is different from

a radius of curvature of the tissue surrounding the wound.

83. The device of claim 74 wherein the collapsible structure comprises interleaved
elements.
84. The device of any one of claims 74-83 wherein the collapsible structure comprises

interleaving elements.

85. The device of claim 84 wherein the interleaving elements can comprise portions of

the collapsible structure.

86. The device of claim 84 wherein the interleaving elements comprise a plurality of

scales positioned between the collapsible structure and a tissue surface.

87. The device of claim 74 further comprised a plurality of scales connected to the

structure.

88. The device of claim 87 wherein each scale is connected to a pivot point of the

structure.
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89. The device of claim 88 wherein the collapsing structure has the articulating elements

connected at pivot points.

90. The device of claim 89 wherein the articulating elements comprise public panels that

are attached at hinges.

91. The device of claim 74 wherein the curved contour extends over the wound opening
and a portion of tissue surrounding the wound, the articulating elements comprise folding

panels that extend substantially orthogonal to the curved contour.

92. The device of claim 74 wherein the curved contour has a radius of curvature.

93. The device of claim 74 wherein the collapsible structure is positioned at least partially

in the wound.

94. The device of claim 74 wherein the collapsing structure has a first structure in the

wound opening and a second structure outside of the wound opening.

95. The device of claim 94 wherein the first structure collapses at the same rate as the

second structure.

96. The device of claim 94 wherein the first structure collapses at a different rate than the

second structure.

97. The device of claim 94 wherein the first structure has the same radius of curvature or

a different radius of curvature as the second structure.

98. A method for treating an open wound with negative pressure therapy comprising:
surgically preparing a wound opening for negative pressure therapy;
applying a flexible structure above the wound, the structure having a curved surface
overlying the wound; and
applying negative pressure to drain fluid from the wound and exert a force on tissue

on a side of the wound opening.
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99. The method of claim 98 further comprising applying a drain element positioned

within the wound opening during wound closure to drain fluid from the wound.

100. The method of claim 99 wherein the drain element comprises drain channels or drain

tubes.

101.  The method of claim 100 wherein the drain element further comprises a layer of

biodegradable material having a plurality of spaced apertures.

102. The method of claim 98 wherein applying the flexible structure includes attaching a
drape that affixes a lateral portion of the flexible structure to tissue surrounding at least a

deep portion of the wound, the wound having the deep portion and a shallow portion.

103.  The method of claim 102 wherein applying the negative pressure causes the flexible
structure to at least partially collapse and causes the lateral portion the apply an inward force

to the deep portion of the wound to close before the shallow portion.

104. The method of claim 98 wherein a radius of curvature of the flexible structure is

different from a radius of curvature of the tissue surrounding the wound.

105. The method of claim 98, wherein the wound includes an undermined region and a

surface region.

106. The method of claim 105, wherein the flexible structure includes a bladder.

107.  The method of claim 106, wherein applying the negative pressure imparts a
compressive force on the bladder to impart a force on a tissue surface surrounding the wound
to close wound margins in the undermined region before closure of wound margins in the

surface region.
108.  The method of claim 98, wherein the flexible structure further comprises a

compression element that contacts the tissue on the side of the wound opening, the

compression element configured to apply a force to the side of the wound opening.
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109. The method of claim 98 further comprising applying negative pressure such that

scales slide across a tissue surface.

110. The method of claim 109 wherein moving the structure slides the scales that are

connected to the structure.

111.  The method of claim 98 wherein the structure is implanted to treat as fasciotomy

wound.

112.  The method of claim 111 further comprising a collapsing structure into the wound

opening.

113.  The method of claim 112 wherein the collapsing structure is connected to the flexible

structure comprises articulating elements that collapse along a first arcuate path.

114.  The method of claim 112 wherein the flexible structure comprises articulating

elements that collapse along a first arcuate path.

115. The method of claim 112 wherein the collapsing structure comprises articulating

elements that collapse along a second arcuate path.

116. The method of claim 112 further comprises scale elements.

117.  The method of claim 112 further comprising interleaved and elements.

118. A negative pressure wound closure device to treat a wound comprising;

a collapsible structure positionable external to a wound opening, the collapsible
structure that extends over at least a portion of tissue of the wound opening, the collapsible
structure having articulating elements that are displaced during movement of spaced apart
wound margins of the wound opening; and

a plurality of scale elements positioned between the structure and a tissue surface.

119. The device of claim 118 further comprising a flap having a first portion and a second

portion.
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120. The device of claim 119 wherein the first portion is relatively more elastic than the

second portion.

121.  The device of claim 119 wherein the flaps are attached to a wrap using a first plurality

of anchoring elements.
122.  The device of claim 118 wherein the collapsing structure further comprises a
compression element that contacts the portion of tissue adjacent the wound opening including

a stiff edge.

123.  The device of claim 118 further comprising a drape that affixes a lateral portion of the

structure to tissue surrounding at least a deep portion of the wound.

124. The device of claim 123 wherein the force on the deep portion is greater than the force

on a shallow portion.
125.  The device of claim 124 wherein the negative pressure applied causes the structure to
at least partially collapse and causes the lateral portion to apply an inward force to the deep

portion of an amputation wound to close before the shallow portion.

126. The device of claim 118 wherein a radius of curvature of the structure is different

from a radius of curvature of the tissue surrounding the wound.

127.  The device of claim 118 wherein the scales are connected to the collapsible structure.

128.  The device of claim 118 wherein the scales have a curved surface.

129.  The device of claim 127 wherein each scale is connected to a pivot joint of collapsible

structure.

130. The device of claim 118 wherein the scales have an anti-adhesion surface that

contacts tissue.
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131.  The device of claim 118 wherein the scales are configured to slide on a tissue surface

during movement of wound margins.

132.  The device of claim 118 wherein the scale elements comprise a two dimensional

array.

133. A method for treating an open wound with negative pressure therapy comprising:
surgically preparing a wound opening for negative pressure therapy;
inserting a drain device within the wound opening;
applying a flexible structure above the wound, the structure having a surface
overlying the wound that is in fluid communication with the drain device; and
applying negative pressure to drain fluid from the wound and exert a force on tissue

on at least one side of the wound opening.

134.  The method of claim 133 wherein the drain device comprises a collapsing structure.

135. The method of claim 133 wherein the drain device comprises drain channels or drain

tubes.

136. The method of claim 133 wherein the drain device further comprises a layer of

biodegradable material having a plurality of spaced apertures.

137.  The method of claim 133 wherein applying the flexible structure includes attaching a
drape that affixes a lateral portion of the flexible structure to tissue surrounding at least a

deep portion of the wound, the wound having the deep portion and a shallow portion.
138.  The method of claim 133 wherein applying the negative pressure causes the flexible
structure to at least partially collapse and causes the lateral portion the apply an inward force

to the deep portion of the wound to close before the shallow portion.

139. The method of claim 133 wherein a radius of curvature of the flexible structure is

different from a radius of curvature of tissue surrounding the wound.
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140. The method of claim 133, wherein the wound includes an undermined region and a

surface region.

141.  The method of claim 133, wherein the flexible structure includes a bladder.

142.  The method of claim 141, wherein applying the negative pressure imparts a
compressive force on the bladder to impart a force on a tissue surface surrounding the wound
to close wound margins in the undermined region before closure of wound margins in the

surface region.

143.  The method of claim 133, wherein the flexible structure further comprises collapsing
elements that contacts the tissue on the side of the wound opening, the collapsing elements

configured to apply a force to the side of the wound opening.

144.  The method of claim 133 wherein the flexible structure comprises interleaved

elements.

145.  The method of claim 133 further comprising moving a plurality of scale elements

during movement of the structure.

146. The method of claim 133 wherein the flexible structure collapses along an arcuate

path.

147.  The method of claim 133 further comprising collapsing the drain device along an

arcuate path.

148. A negative pressure wound closure device to treat an amputation wound comprising:
a collapsible structure positionable external to an amputation wound, the collapsible
structure having articulating elements undergoing rotational movement during closure of
wound margins within the amputation wound;
a negative pressure source in fluid communication with a wound cavity within the
amputation wound such that fluid is removed from the wound cavity and wherein a
compressive force is imparted to tissue on at least a portion of tissue adjacent to the wound

opening that is coupled to the collapsible structure.

-53-



10

15

20

25

WO 2018/237206 PCT/US2018/038851

149.  The device of claim 148 further comprising flaps attached to the structure that attach

to the portion of tissue, the amputation wound having a deep portion and a shallow portion.

150. The device of claim 148 further comprising a port in the structure that connects to the

negative pressure source.
151.  The device of claim 149 wherein negative pressure imparts a compressive force with
the structure to at least partially collapse the structure thereby causing the deep portion of the

amputation wound to close before the shallow portion.

152.  The device of claim 148 wherein the articulating elements rotate at joints such that the

structure collapses along a curved path above the wound opening.

153.  The device of claim 148 further comprising a drain element positioned within the

wound opening during wound closure to drain fluid from the wound.

154. The device of claim 153 wherein the drain element comprises drain channels or drain

tubes.

155. The device of claim 149 wherein the drain element further comprises a layer of

biodegradable material having a plurality of spaced apertures.

156. The device of claim 148 further comprising a plurality of scale elements.

157.  The device of claim 156 wherein the scale elements comprises a spaced apart array,

each scale element being connected to the collapsible structure.

158. The device of claim 148 wherein the articulating elements are interleaved.
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1200

\

Surgically preparing an open wound, such as an amputation wound,
at a body region, such as an amputated limb, for negative pressure
wound closure therapy, the open wound having a depth including
a deep portion a?zdog shallow portion

v

Configuring a wound closure device including a collapsible
compression structure for the wound opening, the configured
wound closure device having a size and shape conforming
to the wauzrbc‘I1 opening

'

Placing the wound closur$2%%vice over the open wound

l

Applying a negative pressure at a port or inlet to cause the
compression structure to at least partly collapse, the collapse
of the compression structure causing the deep portion
of the wound margins to cl$zsgsbefore the shallow portion.

l

Optionally, removing the wound closure device and applying
a second wound cIOﬁgfl%device to the wound

'

Removing the wound closure device and completing wound
closure with, glrz ylvzithout, sutures

FIG. 17
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1400

\

Surgically preparing a wound in a tissue that has a depth including
a deep portion and a shallow portion for negative pressure
wound closure therapy
1402

v

Configuring a wound closure device including a collapsible structure,
flaps, and a port or inlet, the collapsible structure having a radius
of curvature and, optionally, placing a surgical drain device into
the wound.

1404

!

Placing the wound closure device over the wound in the tissue,
a surface of the tissue surrounding the wound defining a radius
of curvature that is greater than the radius of curvature
of the collapsible structure.

1406

y

Optionally compressing the tissue on the opposite sides of the
wound while the wound closure device is attached to tissue surfaces
surrounding the wound
1408

v

Applying a negative pressure at the inlet to cause the collapsible
structure to at least partly collapse, the collapse of the collapsible
structure causing the deep portion of the wound to close before
the shallow portion.

1410

;

Draining the wound of fluids during movement of the wound margins
1412

!

Removing the wound closure device from the wound and closing
the wound with or without sutures
1414

FIG. 18
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1500

\

Surgically preparing a wound in a tissue that includes an undermined
portion and a surface portion for negative pressure wound
closu!'le5 (t)gerapy

l

Configuring a wound closure device including a compression device
such as a bladder, a drainqlgseozlement, and a port or inlet.

l

Placing the wound clogltélbe6device into the wound.

l

Applying a negative pressure at the inlet to cause the bladder
to exert pressure on a surface of the tissue, the pressure exerted
by the bladder causing the undermined portion of the wound
to close before }g(e) 8surface portion.

'

Draining the wound of fluids through the drainage element
during movement ?;fge wound margins.

!

Removing the wound closure device from the wound and closing
the wound with1g; ;vithout sutures

FIG. 19
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1700

\

Surgically preparing a wound in a tissue that includes an
undermined portion and a surface portion for negative
pressure wouqdoczlosure therapy
1702

I

Configuring a wound closure device including a compression
device such as a bladder, a drainage element, and a port or inlet,
the drainage element being collapsible in the horizontal
and vertigla7loc‘llirections.

l

Configuring a surgical drain device.
1706

|

Placing the surgical drain device and the wound closure device

into the wound, the surgical drain device being placed ahead of

the wound closure device and wherein the surgical drain device
and wound closure device1a7r38in contact after placement.

|

Applying a negative pressure at the inlet to cause the
compression device to exert pressure on the wound and a
surface of the tissue surrounding the wound, the pressure
exerted by the compression device collapsing the drainage

element of the wound closure device in the vertical and horizontal
directions to approximate wound margins in the undermined
portion and wound margins a’fl ;I)I% surface portion, respectively.

|

Draining the wound of fluids during movement of the
woungll n;grgins.
1712

|

Removing the wound closure device from the wound and
closing the wound with or without sutures wherein a portion
of the surgical drain devic&ranains in the closed wound

FIG. 20
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