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PRESSURE MODULATING SOFT ACTUATOR ARRAY DEVICES AND RELATED

SYSTEMS AND METHODS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority of U.S. Provisional Patent Application
Number 62/488,055, filed April 20, 2017 and U.S. Provisional Patent Application Number
62/491,607, filed April 28, 2017, each of which is hereby incorporated by reference in its

entirety.

BACKGROUND
1. Field of Invention
[0002] The present invention relates generally to cushioning devices, and more specifically,
but not by way of limitation, to pressure modulating soft actuator array devices and related
systems and methods.
2. Description of Related Art
[0003] Pressure ulcers are a serious reoccurring complication among individuals with
impaired mobility and sensation. It is postulated that external mechanical loading, specifically
on bony prominences, is a major contributing factor in pressure ulcer formation. Strategies to
prevent pressure ulcer formation traditionally focus on reducing the magnitude and/or duration
of external forces acting upon a person’s body. Cushion technologies for reducing pressure
ulcer prevalence often employ soft materials and customized cushion geometries. There is a
need to improve cushioning technologies to enable customizable devices for each user’s

condition.
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SUMMARY

[0004] The present disclosure describes design and controls of an automated cavity array
technology that creates a surface for interface pressure/force modulation through redistribution,
offloading, and repositioning as well as vibration reduction through dampening. Key features
of the present disclosure include: (1) identification of postural and anatomical features of a
seated/sleeping person using real-time pressure mapping, (2) offloading and dynamic
redistribution of pressure to reduce the duration and magnitude of external mechanical forces
on vulnerable areas, (3) minimization of interface pressure buildup and shear loads resulting
from offloading and repositioning, (4) reduction of vibration using dampening based on real-
time vibration frequency measurements, (5) adaptability to an individual’s size, shape, and
weight without requiring customized production, (6) recording pressure and vibration history
to help define new quantitative metrics for device design and clinical protocols.

[0005] The term “coupled” is defined as connected, although not necessarily directly, and
not necessarily mechanically; two items that are “coupled” may be unitary with each other.
The terms “a” and “an” are defined as one or more unless this disclosure explicitly requires
otherwise. The term “substantially” is defined as largely but not necessarily wholly what is
specified (and includes what is specified; e.g., substantially 90 degrees includes 90 degrees and
substantially parallel includes parallel), as understood by a person of ordinary skill in the art.
In any disclosed embodiment, the term “substantially” may be substituted with “within [a
percentage] of” what is specified, where the percentage includes .1, 1, 5, and 10 percent.
[0006] The phrase “and/or” means and or or. To illustrate, A, B, and/or C includes: A
alone, B alone, C alone, a combination of A and B, a combination of A and C, a combination
of B and C, or a combination of A, B, and C. In other words, “and/or” operates as an inclusive

or.
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[0007] The terms “comprise” (and any form of comprise, such as “comprises” and
“comprising”), “have” (and any form of have, such as “has” and “having”), and “include”
(and any form of include, such as “includes” and “including”) are open-ended linking verbs.
As aresult, an apparatus that “comprises,” “has,” or “includes” one or more elements possesses
those one or more elements, but is not limited to possessing only those elements. Likewise, a
method that “comprises,” “has,” or “includes,” one or more steps possesses those one or more
steps, but is not limited to possessing only those one or more steps.

[0008] Any embodiment of any of the apparatuses, systems, and methods can consist of or
consist essentially of — rather than comprise/have/include — any of the described steps,
elements, and/or features. Thus, in any of the claims, the term “consisting of” or “consisting
essentially of” can be substituted for any of the open-ended linking verbs recited above, in
order to change the scope of a given claim from what it would otherwise be using the open-
ended linking verb.

[0009] The feature or features of one embodiment may be applied to other embodiments,
even though not described or illustrated, unless expressly prohibited by this disclosure or the
nature of the embodiments.

[0010]  Further, an apparatus or system that is configured in a certain way is configured in
at least that way, but it can also be configured in other ways than those specifically described.
[0011] Some details associated with the embodiments are described above, and others are

described below.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] The following drawings illustrate by way of example and not limitation. For the
sake of brevity and clarity, every feature of a given structure is not always labeled in every
figure in which that structure appears. Identical reference numbers do not necessarily indicate

an identical structure. Rather, the same reference number may be used to indicate a similar
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feature or a feature with similar functionality, as may non-identical reference numbers. The
figures are drawn to scale (unless otherwise noted), meaning the sizes of the depicted elements
are accurate relative to each other for at least the embodiment depicted in the figures. Figures
described as schematic are not drawn to scale.

[0013] FIG. 1 is a schematic of a first embodiment of the present systems.

[0014]  FIG. 2A is a perspective view of a first embodiment of a portion of a body defining
a cavity.

[0015] FIG. 2B is a cross-sectional perspective view of the cavity of FIG. 2, taken along
line 2B-2B of FIG. 2A.

[0016] FIGs. 2C-2L show examples of the present bodies and arrangements of the present
cavities defined the bodies, which may be suitable for use in some embodiments of the present
systems.

[0017] FIG. 3 is a schematic view of the placement of sensors on a portion of a body
defining a cavity, which may be suitable for use in some embodiments of the present systems.
[0018] FIGs. 4A-4F show examples of the present bodies and arrangements of the present
cavities defined the bodies, which may be suitable for use in some embodiments of the present
systems.

[0019] FIGs. SA and 5B show a side cross-sectional view and a perspective view,
respectively, of one example of a device, which may be suitable for use in some embodiments
of the present systems.

[0020] FIGs. 6A-6C show a top view, a first side view, and a second side view,
respectively, of the device of FIGs. 5A and 5B.

[0021] FIG. 7 is a first screenshot of a sample interface of a graphical user interface (GUI)
that may be suitable for use in some embodiments of the present systems.

[0022] FIG. 8A is a schematic of a second embodiment of the present systems.



10

15

20

25

WO 2018/195444 PCT/US2018/028599

[0023] FIG. 8B is a schematic of a control protocol suitable for execution by the present
systems.

[0024] FIG. 9 is a schematic of a pressure modulation planner and controller, which may
be suitable for use in some embodiments of the present systems.

[0025] FIG. 10 is a second screenshot of a sample interface of a graphical user interface
(GUI) that may be suitable for use in some embodiments of the present systems.

[0026] FIG. 11 is a schematic of an apparatus configured to test the portion of the body
of FIG. 2.

[0027]  FIG. 12 is a graph showing an external force exerted on the portion of the body
of FIG. 2 versus an internal pressure of the portion of the body of FIG. 2.

[0028] FIG. 13 is a perspective view of an apparatus configured to test one embodiment of
the present devices.

[0029] FIGs. 14-16 depict pressure profiles during automatic pressure redistribution,
automatic pressure offloading, and manual pressure oftloading, respectively.

[0030] FIG. 17 depicts an example of a fabrication of one embodiment of the present
systems.

[0031] FIG. 18 depicts electronic and pneumatic components of the system of FIG. 17.
[0032] FIG. 19 depicts a schematic of the electronic and pneumatic components of the
system of FIG. 17.

[0033] FIG. 20 depicts a flowchart for a scheduling bang-bang control algorithm, suitable
for implementation by the system of FIG. 17.

[0034]  FIG. 21 depicts a subject sitting on a portion of the system of FIG. 17.

[0035]  FIGs. 22-24 depict pressure mapping profiles.

[0036] FIG. 25 depicts a flow chart for offloading and/or redistributing pressure within the

system of FIG. 17.
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DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0037] Referring now to the figures, and more particularly to FIG. 1, shown therein and
designated by the reference numeral 10 is one embodiment of the present systems. System 10
is configured to modulate and/or distribute pressure within a device (e.g., 14) on which a person
is disposed upon such that the device prevents the formation and/or propagation of lesions,
such as, for example, pressure ulcers. For example, lesions, such as pressure ulcers, can be
caused by a prolonged mechanical loading (e.g., due to a person sitting, laying, and/or
otherwise being disposed upon a surface, such as, for example, a bed, a chair, and/or the like)
and, in at least some instances, can be exacerbated by peripheral neuropathy. Applications of
the present systems 10 include, but are not limited to, assistive medical devices, clinical
assessment tools, ergonomics products for consumer markets, and/or protective equipment for
military personnel. Applications of the present devices 14 include beds, mattresses, mattress
overlays, seats, seat cushions, and/or the like.

[0038] System 10 includes a device 14 having a body 18 that defines a plurality of cavities
22. Body 18 is configured to be disposed between a person and a surface on which the person
is disposed. For example, body 18 can define a seat pad-shaped structure configured to support
a person when the person is in an upright position. In some embodiments, a body (e.g., 18)
can define an elongated structure configured to support a person when the person isin a reclined
position. Body 18 can comprise any suitable material, such as, for example, a flexible polymer
(e.g., polyurethane, neoprene, silicone, silicone rubber, and/or the like), a natural rubber, and/or
the like. Body 18 can comprise any suitable material that is reinforced with one or more
materials, such as, for example, a textile, flexible polymer in optional combination with one or
more rigid materials such as a plastic, a metal, and/or any suitable combination thereof.

[0039] Cavities 22 are arranged on body 18 such that the cavities interface with a

(e.g., posterior) portion of a person’s body when the person’s body is supported by body 18.
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Cavities 22 can be arranged symmetrically or asymmetrically. Device 14 can have any suitable
number of cavities 22, such as, for example, any one of, or between any two of, the
following: 2,3, 4, 5, 6,7, 8,9, 10, 12, 14, 16, 18, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, and
200. FIGs. 2A-2L show examples of bodies (e.g., 18) and arrangements of cavities (e.g., 22)
on the bodies. By changing the size and/or the shape of one or more cavities (e.g., 22) and/or
arranging them into various configurations, the aforementioned benefits can be achieved.
Cavities (e.g., 22) of abody (e.g., 18) can be arranged in two-dimensional planar arrays and/or
three-dimensional arrays (e.g., cavities and/or bodies can be stacked on top of each other).
Where cavities (e.g., 22) of a body (e.g., 18) are arranged in a three-dimensional array, the
cavities at the top will be referred to as “primary cavities” whereas the cavities below the
primary cavities will be referred to as “secondary cavities” or further (FIGs. 2K and 2L).

[0040]  Cavities 22 can be air and/or fluid filled. Each cavity 22 can be defined by sidewall
23 bound together by top and bottom layers 24, 25 as well as a channel 27 to supply or relieve
air and/or fluid pressure. Cavities 22 can be prefabricated with standard sizes and/or cross-
sectional shapes. For example, one or more of cavities 22 can include any suitable cross-
sectional shape, such as, for example, triangular, rectangular, square (e.g., FIG. 2C), hexagonal
(e.g., FIG. 2D), or otherwise polygonal, circular (e.g., FIGs. 2E and 2F), elliptical, or otherwise
rounded. A top layer 24 of body 18 defining one or more cavities 22 can be planar, domed
shape, corrugated, and/or any combination thereof. Sidewall 23 defining one or more cavities
22 can be planar (e.g., FIGs. 2C and 2D), corrugated, bellowed (e.g., FIG. 2E), curved (e.g.,
FIG. 2F) and/or any combination thereof. Each cavity 22 can comprise a height 80 ranging
from 2 to 50 centimeters (cm). Each cavity 22 can comprise a width 28 ranging from 2 to 50
cm. Each of top layer 24, bottom layer 25, and sidewall 23 can have a thickness 88 ranging

from 1 millimeter (mm) to 25 mm.



10

15

20

WO 2018/195444 PCT/US2018/028599

[0041] Referring specifically to FIGs. 2K and 2L, shown therein one configuration of device
14 that can be used to create pressure modulation and vibration reduction. Device 14 may
include an integration platform 29 which houses pneumatic and/or fluidic lines. Device 14
may include a coupling mechanism 32 configured to allow integration platform 29 to pivot.
Device 14 may include a concentric tube assembly 33 having one or more telescoping tubes
configured to support linear translation along a vertical axis. Depending on the intended use
for device 14 (e.g., as a seat-cushion, as a bed-cushion, and/or the like), one or more of these
components can be configured and assembled for the required functionality.

[0042] One or more of cavities 22 can be configured to be modulated by increasing and/or
decreasing an internal pressure within the one or more cavities such that device 14 reduces
and/or increases mechanical loading on portions of a person’s body. In at least this way, device
14 prevents prolonged exposure to mechanical stresses, which can result in pressure ulcers.
Further, in this way and others, device 14 can conform to a person’s body to decrease the
interface stress and increase contact area to provide better a fit and comfortability.

[0043] System 10 can include one or more sensors 26 configured to capture data indicative
of a pressure within one or more cavities 22. For example, at least one of one or more sensors
26 may include a pressure sensor (e.g., a MEMS pressure sensor, piezoelectric pressure sensor,
strain gauge, and/or the like). Cooperation between body 18 and one or more sensors 26 allows
for real-time pressure mapping of and/or pressure control within respective cavities for
interface force and vibration modulation.

[0044] Referring now to FIG. 3, shown is a schematic of locations on body 18 where one
or more sensors 26 may be disposed. As shown, one or more sensors 26 can be coupled to or
disposed within sidewall 23, top layer 24, and/or bottom layer 25 of body 18 that defines cavity

22. One or more sensors 26 can be disposed within cavity 22 and/or within channel 27.
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[0045] Referring now to FIGs. 4A-F, shown therein are various embodiments of body 18
of device 14 for pressure modulation. FIGs. 4A-D depict device 14 as a seat cushion, head
support, foot support, and/or the like. FIGs. 4E and 4F depict device 14 as a mattress cushion
or mattress overlay. FIG. 4A shows a cross section of FIG. 4B taken along line 4A-4A. Each
device 14 shown in FIGs. 4A-F includes one or more sensors 26 coupled to body 18 having
cavities 22, which are disposed on fluidic channel routing platform 29. The shape, size, and
placement of cavities 22 can be varied based on the application scenario such as comfort,
medical need, and/or the intended use of device 14. For example, for seat cushion and mattress
applications, pressure, shear, temperature, and moisture sensors can be integrated for control
and monitoring purposes. One example of a seat cushion device 14 for pressure ulcer
prevention is shown in FIG. 4C (e.g., a three-dimensional rendering) and FIG. 4D (e.g., a
fabricated prototype). FIGs. 4E and 4F show first and second conceptual designs for a mattress
or mattress overlay device 14. As shown, the mattress or mattress overlay device 14 includes
a body 18 having cavities 22 with various sizes and shapes strategically placed to provide
pressure redistribution and offloading for pressure ulcer prevention purposes. For instance, a
dense area with smaller cavities 22 are placed in areas where a person’s sit bones and/or tail
bone comes into contact while seating. In some embodiments, a body (e.g., 18) may include a
(e.g., a soft and/or rigid) foam surrounding at least a portion of cavities (e.g., 22).

[0046] Referring again to FIGs. 2K and 2L, shown therein is an example a body 18 of a
device 14 for pressure modulation and vibration reduction. FIG. 2K is a three-dimensional
rendering of device 14 and FIG. 2L is a cross-section of the device shown in FIG. 2K taken
along line 2L of FIG. 3K. In this embodiment, device 14 is configured for use as a seat cushion.
Device 14 comprises a first body 18a having cavities 22 (i.e., a “primary cavities”) and one or
more sensors 26, a second body 18b having cavities 22 (i.e., a “secondary cavities”) and one

or more sensors 26, fluid channel integration platform 29, coupling mechanism 32 (e.g., for



10

15

20

25

WO 2018/195444 PCT/US2018/028599

pivoting), and a concentric tube assembly 33 (e.g., for guiding linear movement of the primary
cavities and/or the secondary cavities along a vertical axis). In this embodiment, primary
cavities 22a functions as described above. Secondary cavities 22b are configured to aid in
vibration reduction by changing an internal pressure within one or more of the secondary
cavities and/or adjusting an overall vertical height of device 14. One or more sensors 26
configured to control secondary cavities 22b can include sensors configured to collect data
indicative of vibration, acceleration, and/or pressure. As shown, coupling mechanism 32 can
be disposed where secondary cavities 22b are coupled to fluid channel integration platform 29.
In some embodiments, a coupling mechanism (e.g., 32) can be disposed at a base of a device
(e.g., 14). In this embodiment, the shape, size, and/or placement of one or more of primary
cavities 22a can be varied based on the application scenario. Similarly, the geometry and/or
operation of one or more secondary cavities 22b can vary widely based on the intended use of
device 14. For example, for devices 14 used in vehicles, the geometry and/or operation of one
or more primary cavities 22a and/or secondary cavities 22b may vary based on vehicle type,
driving terrain, speed, and/or the like.

[0047] Referring now to FIGs. SA and 5B, shown therein is another example of device 14.
In this embodiment, device 14 is configured for use as a bed for pressure modulation and
repositioning. Device 14 can include a body 18 having a plurality of segments 35 arranged in
a wide array which can support a person’s entire body. Each segment 35 is connected to an
adjacent segment 35 by, for example, a hinge joint, a ball socket joint, and/or the like. In some
embodiments, flexible polymeric and/or metal structures serve as joints to couple adjacent
segments (e.g., 35) of a body (e.g., 18). Device 14 includes primary cavities 22a, one or more
of which implement pressure modulation and/and off-loading. Device 14 includes secondary
cavities 22b, one or more of which implement repositioning and/or shifting of the body weight

to different areas.

-10-
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[0048] FIGs. 6A-6C show the axes of rotation for segments 35 of device 14. For example,
device 14 is capable of rotation about an A1 axis and an A2 axis, each of which can be utilized
for rolling and/or repositioning an individual laying on the device. FIG. 6B shows an example
of segment 35 rotation around the A2 axis. Rotation around a B axis (e.g., B1-B8 axis) can be
used to change an elevation of the legs, head, and/or upper body sections of a person, as shown
in FIG. 6C. Based at least upon a degree of rotation at these axes (e.g., any one of A1-A2 axes
and/or B1-B8 axes), operational algorithms will deflate and/or inflate individual cavities 22
along an edge of this axis(es) to accommodate for the new position, as can be seen in FIGs. 6B
and 6C.

[0049] In this embodiment, system 10 can be a pneumatic-based control system with an
associated control algorithm for controlling a device (e.g., 14). System 10 includes electrical
and pneumatic components including a pump 50, (e.g., solenoid) valves 64, an (e.g., air)
manifold 60, one or more sensors 26, a pressure regulator 54, pneumatic conduits, one or more
controllers 30, a graphical user interface (GUI) 34, and a power supply.

[0050] System 10 includes one or more controllers 30 (e.g., one or more microcontrollers)
configured to control the modulation of cavities 22. In this embodiment, one or more
controllers 30 can be configured to receive commands from a GUI 34. For example, GUI 34
can be configured to receive user input, which can toggle and/or define a manual and/or
automated modulation of one or more of cavities 22. For example, GUI 34 can display data
indicative of pressure within one or more cavities 22 and, after receiving a user input, the GUI
can send commands to one or more controllers 30 for modulating pressure within the cavities.
GUI 34 may be coded in any suitable programming language, such as, for example, MATLAB,
Visual Studio, LabVIEW, and/or the like. GUI 34 can be configured to display a real time
pressure profile and enable user inputs for selective offloading, redistribution, and

repositioning for pressure modulation as well as vibration reductions. GUI 34 can be displayed

-11-
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on any suitable device, such as, for example, a desktop computer, a mobile and/or handheld
device (e.g., a laptop, tablet, phone, and/or the like), and/or the like. The control algorithms
used with system 10, which can run from either GUI 34 and/or one or more controllers 30, can
identify anatomical features using the pressure profile created from sensor data and command
the control hardware to operate the actuators in an automated manner (discussed in further
detail below).

[0051] Referring to FIGs. 7 and 10, shown therein and designated by the reference numeral
38a and 38b is a respective first and second sample interface of GUI 34. In this embodiment,
GUI 34 is configured to provide a visualization of a sensed pressure profile 42 of one or more
cavities 22. Pressure profile 42 can be plotted using raw data from sensors 26 and/or
interpolated data using different interpolation techniques. Pressure profile 42 can display data
in a two-dimensional or three-dimensional frame. Pressure profile 42 can (e.g., also) display
historical data recorded during a period of time in a two- and/or three- dimensional plot or a
video format. Sensed pressure profile 42 can provide a visualization representation of a
location and/or magnitude of pressure as sensed by one or more sensors (e.g., 26) (described
in further detail below).

[0052] GUI 34 can provide a visualization of the status of device 14 and allow users to
manipulate the device. For example, GUI 34 may be configured to allow a user to modulate
pressure within one or more of cavities 22 to increase and/or decrease an internal pressure
within one or more cavities 22 such that device 14 increases and/or decreases mechanical
loading on portions of a person’s body. By increasing and/or decreasing an internal pressure
within one or more cavities 22, device 14 increases and/or decreases the contact area,
immersion, and envelopment of the body to the device. GUI 34 can be configured to provide
an interface to input a desired pressure profile to an outer loop of one or more controllers 30

(discussed in further detail below). GUI 34 can display the most current pressure profile from

-12-
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the sensor data of device 14 regardless of the operation status. GUI 34 can display pressure
profile at a selected time stamp point. GUI 34 can play the recorded pressure data in a video
format. An array of selection boxes is located next to the pressure profile display for the
purpose of manipulating selective actuators. The cushion model and/or current file name can
be displayed at the top of GUI 34, as well as the control to the GUI window, such as
minimizing, closing, and enlarging. The menu bar located underneath the current name file
includes a group of function buttons and each has a drop-down menus. The “File” button can
be designed for file viewing, archiving, naming/renaming, importing, printing, data exporting,
and other file manipulation. It also allows to start, stop, and pause the sensor data recording.
The “Edit” button can be designed for any general file, picture, clip, video, text editing,
including, copy, paste, cut, load and other file editing functions. The “View” button can be
designed for pressure profile visualization which can be displayed in different format by
different data interpolation technique, such as 2-D and 3-D pressure profile plot. It also
includes the functions that can identify the peak at a given area and during a given time period,
average the pressure at a given area and during a given time period, and the view option of the
GUI window, such as show and hide certain GUI component, zoom in and zoom out, and/or
the like. The “Analysis” button can offer the function for user to view and analyze the pressure
data of individual actuator or actuators are within the user defined area in different shapes by
drawing the boundary. The “Option” button can help users to view the device setting
information, including the hardware setting, software setting, and the sensor setting
information, unit setting, current file display information, initial pressure setting for all
actuators, etc. The “Adjust” button allows user to select different pressure modulation scheme,
such as pressure redistribution over all actuators (Global adjustment), local (within a given
area) pressure redistribution, pressure offloading within the predefined areas, predefined

pressure patterns. The “Tools” button is designed for user to calibrate all the sensor and save

-13-
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the calibrating file. The “Window” button offers the options to manage the icons, colors,
orientation, and the tool bar. The “Help” button provides the information of the device, user
manual, technical support, and searching functionally. The tool bar located underneath the
menu display the icons of some major and common functions, such as data log, start, pause,
stop recording, predefined pressure patterns, probe for finding peak pressure, quick plot,
elapsed time, etc. The bottom of the GUI display the operation status, such as, ready, in use,
offline, the current time, and/or the like. GUI can provide an interface to input desired pressure
profile to the outer loop of the control architecture.

[0053] GUI 34 may allow a user to manually modulate pressure within one or more of
cavities 22 by, for example, allowing the user to input a desired internal pressure for one or
more of the cavities. GUI 34 may (e.g., also) allow a user to enable an algorithm-based
operation (e.g., executed by one or more controllers 30) (described in further detail below) to
modulate pressure within one or more of cavities 22. Such an algorithm can be configured to
automatically synthesize a desired pressure profile based at least upon a sensed pressure within
one or more of cavities 22. For example, such an algorithm can include any suitable algorithm
configured to reduce an error between a sensed pressure profile and a desired pressure profile,
such as, for example, a sliding mode control algorithm. To illustrate, one or more controllers
30 can be configured to receive sensed data from one or more sensors 26 indicative of a
pressure within one or more cavities 22. When one or more controllers 30 receive such sensed
data from one or more sensors 26, the one or more controllers can be configured to compare
the sensed data to a desired internal pressure (e.g., selected manually and/or calculated by an
algorithm-based operation). Based on the comparison between the sensed data and the desired
internal pressure, one or more controllers 30 can transmit one or more signals to one or more

of a pressure source (e.g., 46) (e.g., pump 50), a pressure regulator (e.g., 54), and/or a
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pneumatic manifold (e.g., 60) (e.g., comprising one or more valves 64) to achieve the desired
internal pressure within one or more of cavities 22.

[0054] Referring now to FIGs. 8A, 8B and 9, automation of the modulation of cavities 22
is discussed. For example, to automatically modulate pressure within one or more cavities 22,
one or more controllers 30 may receive a control task, which may be broken into two steps:
inner loop and outer loop (e.g., FIG. 9). A schematic of the control task is shown in FIG. 8B.
Decoupling of the control task into inner and outer loops provides standalone performance
guarantees in absence of the outer loop and flexibility for implementing the outer loop on
various platforms (e.g., Windows, Linux, Mac, Android, 10S). Similarly, the inner loop can
be implemented on any other embedded computing platform. The inner loop can be
implemented with control hardware comprising one or more controllers (e.g., 30), valves (e.g.,
64), a pressure regulator (e.g., 54), pressure sensors (e.g., 26), a manifold (e.g., 60), fluidic or
air pump (e.g., 50), and an AC to DC converter.

[0055]  The inner loop algorithm is implemented on an embedded platform like one or more
controllers 30 and can be responsible for monitoring pressure values as well as operating valves
64 and proportional air regulator 54 to maintain a given target pressure map. One or more
controllers 30 can transmit the current pressure map to the outer loop for display and receive
the target pressure map for inner loop control. The outer loop running on a computational
platform can run the algorithm to synthesize a target pressure map from the current pressure
map provided by the inner loop. GUI 34 can display the received pressure map as well as
transmits a target pressure map.

[0056] The inner loop control unit (FIG. 8B) enables sensor data transfer, pressure mapping,
and/or pressure modulation based on a control algorithm and user input. The control unit can
be built using commercially-available hardware including solenoid valves (e.g., 64), manifolds

(e.g., 60), a pump (e.g., 50), and one or more controllers (e.g., 30). The inner loop controller

-15-



10

15

20

25

WO 2018/195444 PCT/US2018/028599

aims to diminish the tracking error between a sensed pressure map and the given commanded
pressure map. A pressure map from the sensorized cavities 22 can serve as measured outputs.
Based on measured output and commanded pressure map from the outer loop, control inputs
can be generated. Control inputs include commanded pressure for pressure regulator 54 and
commanded pneumatic valve positions.

[0057]  Pressure regulator 54 can be a commercially available electromechanical device
which regulates the pressure of manifold 60 to a given commanded pressure. Inlet valves 64
can be two-position electromechanical switches which pneumatically connect an individual
cavity 22 to manifold 60 when the valve is turned on. Each inlet valve 64 can keep an
individual cavity 22 pneumatically closed when the valve is turned off. Although only one
pressure regulator 54 is shown in FIGs. 1 and 9, multiple regulators can be used for increased
control authority. The internal pressure of each cavity 22 (e.g., primary and/or secondary) is
read by a pressure sensor 26 as a controller feedback. Pressure mapping also can be
implemented for feedback control.

[0058] In some embodiments, the inner loop controller is further divided into two separate
parts for controlling primary and secondary cavities 22 separately. This demarcation helps
identifying controller parameters separately for each set of cavities 22 (e.g., primary and
secondary). Further, the layout of cavites 22 can ensure that the position of the secondary
cavities can affect the pressures of the primary cavities where device 14 interfaces with a
person. A primary controller (e.g., 30a) can incorporate a compensation term based on the
feedback from secondary cavity 22 position. A multiplexer can combine the commanded valve
positions and commanded pressures from both primary and secondary controllers 30a and 30b
and schedule the combined control inputs for the whole system 10. The inner loop controller
31a as a whole keeps changing the combined control inputs until the commanded pressure map

from the outer loop is tracked for both primary and secondary cavities 22.
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[0059] The commanded pressure map for the inner loop can be synthesized by the outer
loop based on user input (e.g., internal pressure, interface pressure, and/or pressure profile)
and/or an estimate from a Pressure-Force Model. A model-based force control algorithm can
provide predictions of the dynamic behavior of cavities 22 and can facilitate the adjustment of
the cavities’ internal pressure to achieve a desired pressure and shear distribution across an
upper surface of body 18. The proposed control algorithm guarantees that cavities 22 will
maintain the desired magnitude and direction of interacting forces through internal pressure
modulation.

[0060] The outer loop can be configured to identify anatomical features based on a pressure
profile (e.g., internal pressures of cavities 22), recognize vulnerable areas, and/or plan pressure
relief strategies. The planning algorithms can be configured to reduce tissue distortion due to
the magnitude, direction, and gradient of pressure and/or shear forces. By implementing
vibration sensor data as measured input, stiffness of cavities 22 can be change to reduce
vibration.

[0061]  As shown, system 10 may include a pressure source 46. Pressure source 46 may be
configured to provide fluid to one or more of cavities 22 such that pressure within the one or
more of the cavities can be varied. For example, pressure source 46 can include a pump 50
that is in fluid communication with one or more cavities 22 via one or more conduits (e.g.,
pneumatic, hydraulic, electronic, and/or the like). In this embodiment, pressure source 46 can
be controlled by one or more controllers 30. For example, one or more controllers 30 may be
configured to transmit a fluid control signal (e.g., a binary signal) to pressure source 46 (e.g.,
via one or more conduits and/or wirelessly) to control fluid flow from pressure source 46. For
example, pressure source 46 can include a pump and a fluid reservoir which will provide fluid

to one or more of cavities 22.
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[0062] In this embodiment, system 10 can include a (e.g., linear) pressure regulator 54
configured to regulate fluid pressure within a pneumatic manifold (e.g., 60) in response to a
desired pressure profile (e.g., 68) requested by one or more controllers (e.g., 30) (discussed in
further detail below). For example, pump 50 can be configured to direct fluid into pressure
regulator 54 such that the pressure regulator can regulate pressure within one or more cavities
22 via the pneumatic manifold (e.g., 60). In this embodiment, pressure regulator 54 can be
controlled by one or more controllers 30. For example, one or more controllers 30 may be
configured to transmit a pressure regulation signal (e.g., a pulse-width modulation signal and/or
the like) to pressure regulator 54 (e.g., via one or more conduits and/or wirelessly) to control
fluid flow from pressure source 46.

[0063] As shown, system 10 can include a pneumatic manifold 60 having one or more
valves 64 (e.g., a solenoid valve and/or the like that can comprise any suitable configuration,
such as, for example, two-port two-way (2P2W), 2P3W, 2P4W, 3P4W, and can be actuatable
in any suitable manner, such as, for example, by one or more solenoids) configured to
selectively direct fluid to and/or away from one or more of cavities 22.

[0064] In this embodiment, one or more valves 64 of manifold 60 can be in fluid
communication with a respective one of one or more cavities 22. In some embodiments, one
or more valves (e.g., 64) of a manifold (e.g., 60) can be in fluid communication with two or
more cavities (e.g., 22). Fluid within one or more of cavities 22 may comprise hydraulic fluid
(liquid), pneumatic fluid (gas), and/or the like.

[0065] Manifold 60 can supply each solenoid via individual air outlets with a regulated
pressure (e.g., from pressure regulator 54 and/or pressure source 46). When one or more of
valves 64 is opened, the valve will expose its associated cavity (e.g., 22) with a supplied air
pressure, thereby increasing or decreasing the pressure within the cavity depending on its initial

value. Similarly, when one or more of valves 64 is closed, the valve can seal the resulting
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pressure within its associated cavity 22. In this embodiment, manifold 60 can be controlled by
one or more controllers 30. For example, one or more controllers 30 may be configured to
transmit a switch control signal (e.g., a binary signal) to manifold 60 (e.g., via one or more
conduits and/or wirelessly) to control the position of one or more valves 64 between the open
and closed positions.

[0066] To modulate interface pressure using internal air pressure, a monotonic relationship
between internal pressure within one or more cavities 22 and an interface pressure (e.g., exerted
on a person) can be established. This provides an indirect method to control interface pressure
through modulating internal pressure of one or more cavities 22. System 10 can identify the
change in external load by monitoring an internal pressure change then adjust the internal
pressure accordingly. Using system 10, device 14 can realize a desired pressure profile by
performing tasks such as pressure mapping, offloading, and redistribution. Pressure mapping
within system 10 can update and/or record continuously and may be used to perform pressure
modulation tasks. Redistribution of pressure throughout cavities 22 can be realized by
assigning a uniform pressure value to all cavities while the cavities are subjected to the load of
an external object (e.g., a person). This action uniformly redistributes the external load across
a supporting surface of body 18. Offloading pressure at a select cavity 22 is accomplished by,
for example, completely removing internal pressure from the cavity. By relieving this internal
pressure, the force acting upon the external object at the location of the select cavity 22 will be
decreased. In some cases, removing pressure in selected areas could result in increased
pressure in the surrounding support areas. By monitoring and modulating the internal pressure
of cavities 22, system 10 can uniformly redistribute the load over the remaining support
surface. These pressure modulation techniques can reduce the magnitude and the duration of
the interface pressure between a supporting surface and a person’s body to prevent pressure

ulcer formation.
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[0067] The desired system outcomes, such as pressure mapping, offloading, and
redistribution, are realized through a series of actions from the pneumatic and electrical
components of system 10. For example, once a command to begin is received from GUI 34,
pump 50 can provide airflow to pressure regulator 54, which proportionally adjusts a bleed
valve to deliver a desired pressure to system 10. This pressurized air is distributed through
manifold 60 to each cavity 22 using, for example, a (e.g., single two-way) solenoid valve 64,
which can be controlled individually or in groups. Valves 64 can control the “on” and “off”
flow of air to each cavity 22 and/or segment 35, thereby allowing system 10 to achieve different
levels of inflation and/or deflation across individual cavities. An additional bleed valve can be
added to manifold 60 to provide an exhaust route for the pressurized cavities 22. The internal
pressure of cavities 22 can be exposed to in-line pressure sensors 26 which are read by one or
more controllers 30 that monitor the pressure level of the cavities. The most current pressure
sensor reading can be processed through different interpolation techniques and plotted in
various formats to be displayed through GUI 34 and/or exported to another device. System 10
is scalable to a variety of applications through the inclusion or reduction of valves and sensors.
In some embodiments, cavities (e.g., 22) can be grouped so that a single valve (e.g., 26) may
regulate the pressure of multiple cavities.
EXAMPLE 1

[0068] A test prototype was designed consisting of a 5x5 array of soft actuators
(e.g., cavities 22) surrounded with foam to constrain lateral deformation of the actuators and
an associated control unit, as seen, for example, in FIG. 1. System outcomes such as pressure
mapping, offloading, and redistribution were realized through control of the electronic and
pneumatic components which include a miniature air pump, a pressure regulator, a manifold
with solenoid valves, pressure sensors, and a microcontroller board.

Design of a Soft Actuator

220-



10

15

20

25

WO 2018/195444 PCT/US2018/028599

[0069] To test the pressure mapping and modulation capability of this concept, a section of
the support surface was designed and fabricated. This support surface consisted of a 5x5 array
of soft actuators (e.g., cavities 22) all of equal size and shape which helped to reduce the
complexity of characterization and control. Each soft actuator was designed in a cylindrical
shape, shown in FIG. 11, with a diameter 72 of 31 millimeters (mm) which covers a surface
area of approximately 7.5 squared centimeters (cm?). The size of this area was selected to be
close to the smallest high pressure concentration area in the buttocks as reported in an air-cell-
based cushion study (Hamanami K. Tokuhiro A, and Inoue H., 2004, “Finding the optimal
setting of inflated air pressure for a multi-cell air cushion for wheelchair persons with spinal
cord injury,” Acta Med. Okayama, vol. 58, no. 1, pp. 37-44). An air inlet with a diameter 76
of 2.4 mm was placed underneath the center of the base for inflation. This design allows for
individual control of each actuator and routes all pneumatic tubing underneath the array to
avoid interference with the support surface. The actuator had a height 80 of 75 mm and a base
thickness 84 of 5 mm, which resulted in a maximum immersion depth of 70 mm. This depth
was chosen to accommodate the vertical distance between the ischial tuberosities and greater
trochanters (~50 mm) without bottoming out. The actuator was made through a combination
of injection and over molding processes using liquid polyurethane (PMC 724) with a Shore
hardness of 40A. A uniform thickness 88 of 1.1 mm was used for the sidewall and top surfaces
of these actuators so that pressurization of these actuators would not result in large
deformations. When used in a dense array with a uniform adjacent spacing of 2 mm, the fine
granularity of these actuators allows local pressure monitoring and adjustment under high
pressure concentration areas (i.e., the ischial tuberosities).
Actuator Testing
[0070] To examine the integrity and the load bearing capability of an actuator (e.g., cavity

22) array when under external loading conditions, a single actuator (e.g., cavity 22) was tested
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by applying a range of normal forces at different inflation pressures. The change in internal
pressure as a result of increased external loads was recorded during the test. A single inflated
actuator was fixed onto a flat station and pressed down vertically from the top by a single axis
force sensor (MLP-300, Transducer Techniques®) which was mounted on a linear stage as
seen in FIG. 11. The exerted force on the actuator was measured by the force sensor as the
linear stage traveled downwards compressing the actuator. As suggested in another air-cell-
based cushion study, the optimal internal pressure for a uniform air-cell cushion is from 3.5kPa
to 10kPa. The tests performed in this Example were done to ensure a large safety margin in
our design while under load and as such, a set of inflation pressures ranging from 2.5 to 25kPa
were used in increments of 2.5kPa while an applied external force ranging from 0 to 39N acted
upon the actuator.

[0071] The increase in internal pressure and external force were recorded before observed
buckling at each inflation pressure. All tests were repeated three times to ensure repeatability.
As shown in FIG. 12, the actuator can reach an internal pressure of 29kPa while experiencing
an external load without failing. Irrespective of the initial inflation pressures, the internal
pressure is observed to be increasing when external force increases. This indicates a monotonic
and almost linear relationship between internal pressure and external load. Additionally, the
contact model from the following equation shows a linear relationship between applied external

load (Fext) and the interface pressure (Pinterface) Wwhen the change in contact area is insignificant:

Fext

P interface —

Acontact

[0072] The observed relationship between internal pressure and external loading along with
assumed contact model indicates that lowering internal pressure of an actuator can reduce the
interface pressure at the area of contact. The observations made with a single actuator are

applied to the actuator array by neglecting neighboring actuator interactions and buckling of
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the actuators. This Example forms a basis for controlling internal pressure of actuators to
regulate interface pressure.

Pressure Modulation Test Setup
[0073] A series of experiments were conducted validate the 5x5 actuator array prototype’s
pressure modulation capabilities. As shown in FIG. 13, a rigid hemispherical shell with a
diameter of 22.9cm and a weight of 9kg was used to apply an external load to the support
surface prototype. All internal pressure and external force data were continuously recorded at
a rate of 60Hz. The pressure profile was captured by the GUI at various instances to
demonstrate automatic redistribution, offloading, and manual offloading. Contour plots of raw
data corresponding to a grid of 25 pressure sensors was recorded for each dataset along with
an interpolated counterpart for legibility. These interpolations were performed with
biquadratic basis functions on a 50x50 grid.
[0074] During every test, the shell along with the weight was placed at the center of the
support surface where all actuators were initially inflated to a constant pressure of 3.5kPa.
Automatic uniform redistribution was performed by activating the corresponding algorithm. It
first synthesizes a desired uniform pressure profile based on the average value of sensed
pressure throughout the array and then exposing the actuators to this determined pressure value.
Automatic offloading was performed by an algorithm synthesizing a list of actuators to be
offloaded based on a parameterized threshold pressure. The system could then perform
offloading by deflating the listed actuators to atmospheric pressure, thus relieving their
inflation. Manual pressure offloading was performed by the user setting the internal pressure
of selected actuators to zero. The observations made while performing each of these pressure
modulation tasks was reported as a result of this work.

Automatic Pressure Redistribution
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[0075] Initially all actuators were inflated to a pressure of 3.5kPa, as shown in FIG. 14(a),
which generated a uniform pressure distribution across the entire support surface. FIG. 14(b)
displays the concentrated pressure at the center after placing the weight on the support surface
due to the geometry of the object. Automatic pressure redistribution is achieved using an
algorithm which assigns a new constant pressure to all actuators by multiplying a safety factor
of 1.1 with the calculated average pressure across all actuators. The formula for calculating
uniform commanded pressure is an empirical estimation with a safety factor included:
Puniform = L1 X Faperage
[0076] Nearly uniform pressure distribution was achieved with an acceptable tolerance as
shown in FIG. 14(c). It was observed that by redistributing the pressure, the immersion of the
weight into the actuator array is increased and that the contact area also increases which
indicates a reduction in peak interface pressure. This experiment shows the capability of the
controller to regulate the pressure to a uniform distribution. By automatically assigning a
calculated uniform pressure based on the current pressure profile across the support surface,
the concentration of interface pressure is reduced. However, a minimum internal pressure
value must be maintained after redistribution to prevent collapse. This pressure is dependent
on the weight of the object placed upon the support surface as well as the initial pressure
distribution and hardness of the object.
Automatic Pressure Offloading

[0077]  As with the previous approach, the pressure profile is obtained when the weight is
placed on the support surface at an initial inflation pressure of 3.5kPa as shown in FIG. 15(a).
An automatic high pressure detection algorithm was used to synthesize a list of actuators which
required offloading based on a calculated threshold. This particular offloading algorithm

parameterizes the threshold pressure as a linear sum:

24-



10

15

20

WO 2018/195444 PCT/US2018/028599
Pipreshota = (1 — 6) max P + o(min P)
[0078]  where P represents an array of internal pressures shown in FIG. 15(b). This is a
convenient notation since min P < Pypesnoia < Max P when the parameter o is in the interval
(0, 1). It was observed that the algorithm automatically offloaded all the actuators with a
pressure greater than Pureshold While keeping the other actuators closed as shown in FIG. 15(c).
The presented results were achieved with 6=0.5. Note that a higher ¢ represents smaller regions
of offloading centered on high pressure regions and vice versa. This capability helps to identify
and offload the concentrated pressures when they are over a defined parameterized threshold,
however, the remaining support surface must accommodate for additional weight and may
result in additional high pressure concentrations which must be relieved by redistribution.
Manual Pressure Offloading

[0079] In addition to automated pressure manipulation capabilities, the system also allows
the user to manually adjust the pressure of select actuators. This enables a user to remove
interface pressure from a sensitive region due to pre-existing conditions such as a pressure ulcer
or other injury. To test this capability, all actuators were inflated to an initial pressure of 3.5kPa
as shown in FIG. 16(a). After the weight was placed on the support surface and the pressure
of all actuators stabilized, FIG. 16(b), the pressure of the center actuator was manually selected
and set to zero. It was observed that manual offloading of the center actuator did not
significantly affect the overall pressure distribution as seen in FIG. 16(c). After manually
offloading the pressure at four additional central actuators, FIG. 16(d), the internal pressure of
the remaining actuators began to increase. After offloading the pressure from a total of nine
central actuators, the weight was completely borne by the outside actuators surrounding the
offloaded area, seen in Figure 16(e). The resulting pressure was distributed almost uniformly

among the soft actuators in contact with the spherical weight. The maximum internal pressure,
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9.5kPa, was below the suggested threshold value for air-cell-based cushions; therefore, no
further pressure redistribution was performed.

[0080] The above specification and examples provide a complete description of the
structure and use of illustrative embodiments. Although certain embodiments have been
described above with a certain degree of particularity, or with reference to one or more
individual embodiments, those skilled in the art could make numerous alterations to the
disclosed embodiments without departing from the scope of this invention. As such, the
various illustrative embodiments of the methods and systems are not intended to be limited to
the particular forms disclosed. Rather, they include all modifications and alternatives falling
within the scope of the claims, and embodiments other than the one shown may include some
or all of the features of the depicted embodiment. For example, elements may be omitted or
combined as a unitary structure, and/or connections may be substituted. Further, where
appropriate, aspects of any of the examples described above may be combined with aspects of
any of the other examples described to form further examples having comparable or different
properties and/or functions, and addressing the same or different problems. Similarly, it will
be understood that the benefits and advantages described above may relate to one embodiment
or may relate to several embodiments.

EXAMPLE 2
[0081] A sample of the present system (e.g., 10) is shown in FIG. 17 which included a

fabricated seat cushion prototype comprising 62 air cell bodies (e.g., 18) and surrounding foam
block and an associate control unit designated for pressure mapping, offloading, and
redistribution. As shown, the cushion (e.g., 14) included 50 smaller bodies that were located
at the posterior of the cushion and 12 larger bodies were placed at the anterior. The smaller
bodies enabled high resolution pressure mapping and more efficient pressure modulation under
ischial tuberosities and the sacrum, areas which are highly vulnerable to pressure ulcer

formation. The cushion (e.g., 14) was connected to a controller housing that included
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electronic and pneumatic components, as described in further detail below, which was
connected to a computer using a serial port (USB) connection. As shown, the cushion (e.g.,
14) was pneumatically connected to the controller housing using a bus of 62 air channels.
[0082] The controller housing included an assembly of various modules designed for
specific tasks and functions, as shown in FIG. 18, which enabled pneumatic control of the
bodies. These modules included: a power supply, an array of solenoids (e.g., 64), an array of
electrically controlled power switches, an array of MEMS air pressure sensors (e.g., 26), a
miniature air pump (e.g., 50), an air pressure regulator (e.g., 54), and a Master/Slave
configuration of microcontrollers (e.g., 30). The power supply module provided power at the
various voltages needed throughout the control system, specifically 5V, 12V, and 24V. The
system (e.g., 10) also contained 4 interconnected manifolds (e.g., 60) of 16 arrays of solenoids,
each of which is connected to a respective body. One of the remaining solenoids was left
unconnected for exhaust. The pump was selected such that it was capable of providing a high
flowrate to supply the high volume of air needed to fill each of the bodies in the entire cushion.
The air pressure regulator was added to reduce the high air pressure from the pump down to
the desired inflation pressure commanded by the user. Two microcontrollers were
implemented in this design to support the high number of analog inputs needed for sensor data
acquisition as well as the increase in the number of digital channels required to actuate each
electrical switch controlling the solenoid valves. These components allowed the system to
perform inflation, sensing, offloading, and redistribution in the bodies across the entire seat
cushion.
Electronic Layout

[0083] The electronic layout of the various components of the system is shown in FIG. 19.
The microcontrollers were used in the system to independently control and monitor the

independent pressure in 62 air cells. Two microcontrollers were used, rather than only a single
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microcontroller, due to the large number of analog inputs and digital outputs. The sensors and
solenoids for the bodies numbered 1-31 (e.g., FIGs. 22-24) were connected to a first (e.g.,
Master) microcontroller, and the sensors and solenoids for the bodies numbered 32-62 (e.g.,
FIGs. 22-24) were connected to a second (e.g., Slave) microcontroller. Because the pump,
pressure regulator, and exhaust solenoid could not be controlled by two microcontrollers at the
same time, the pump, pressure regulator, and exhaust solenoid were connected to the first
microcontroller and the second microcontroller was configured to convey data indicative of the
sensor input and solenoid output of bodies numbered 32-62 to the first microcontroller. The
first and second microcontrollers were connected via an 12C bus, which transmitted internal
pressure data of the bodies to the first microcontroller. The first microcontroller in turn
commanded the second microcontroller to switch its solenoids off and on. Such a transmission
is made in real time after optimizing the amount of data sent between the microcontrollers so
that the transmission is performed instantaneously with latency minimized.
Pneumatic Layout

[0084]  As shown in FIG. 19, the pneumatic layout was designed to achieve control of the
62 bodies using a single pump (labeled “air supply” in FIG. 19). The pump was connected to
the manifolds via the linear pressure regulator, which stepped down and smoothened the
pump’s oscillating pressure for the manifolds. As discussed above, the system had four
interconnected manifolds, each of which were connected to 16 solenoids. Each solenoid was
connected to its respective body and a MEMS pressure sensor. The only unused solenoid on
the first half of the array was left open to the atmosphere to serve as an exhaust port which
could be turned on and off to bleed air as needed. At any given time, air was either being
pumped into the manifold from the pump or exhausted out through the exhaust solenoid to

avoid the simultaneous operation of the solenoid exhaust and the pump. The solenoids
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corresponding to each body fluidly coupled the respective body to the manifolds, which were
either under pressure or connected to the exhaust solenoid.

Control Implementation
[0085] The flowchart for implementing the controller discussed in this Example is shown

in Fig. 20. For convenience, the following nomenclature is used in this Example:

Peens; Sensed internal pressure in i air cell body

Peom; Commanded internal pressure in i™ air cell body
o Dead zone parameter for bang-bang controller
Py Commanded pressure for linear regulator

S; State of solenoid corresponding to ™ air cell body
Se State of the exhaust solenoid

Poom Vector of commanded pressures

Poons Vector of sensed internal pressures

Pin Minimum pressure among Py,

Prax Maximum pressure among Py

[0086] The two microcontrollers, pneumatic sensors and solenoids, pump, and linear
pressure regulator tracked a given commanded internal pressure in the 62 different volumes of
the bodies. In reference to FIG. 20, the internal pressure detected by the pneumatics sensors,

which were connected to each body’s volume, is denoted by Pseps;, and the commanded

internal pressure for each volume is denoted by Fr,;, where i denotes the i®body. The control

objective was to regulate the internal pressures Pyepg; S0 that |Psensi - Pcomi| < ¢ for a small
enough o using a linear pressure regulator Py, solenoids s; connecting the body volumes to
the manifolds, and exhaust solenoid s, connecting the manifolds to the atmosphere.

[0087]  Given the pneumatic layout of the system, the proposed control algorithm used time
division multiplexing to share the common resources of the pump, linear pressure regulator,
and exhaust with each of the 62 bodies via the manifolds. The proposed algorithm was loosely

based on a bang-bang controller with a dead zone (See Vermeulen, J., Verrelst, B,
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Vanderborght, B., Lefeber, D., and Guillaume, P., 2006. “Trajectory Planning for the Walking
Biped Lucy”. The International Journal of Robotics Research, 25, 9, 867-887 and Faudzi A.
A. M., Suzumori K. and S. Wakimoto, "Design and control of new intelligent pneumatic
cylinder for intelligent chair tool application," 2009 IEEE/ASME International Conference on
Advanced Intelligent Mechatronics, Singapore, 2009, pp. 1909-1914.). The controller of the
present system achieved the commanded pressures by pumping or exhausting air continuously
until the internal pressure was regulated to an acceptable tolerance, . The proposed algorithm
also showed the scheduling aspect of regulating multiple volumes, which was performed using
either a ‘Top-down’ or ‘Bottom-up’ approach. For example, in the ‘Bottom-up’ approach, all
the volumes were regulated to the minimum P, ,; until the |Psensi — Pcomi| < 0, and then the
rest of the volumes were regulated to the next lowest pressure and so on until all the volumes
were regulated to their respective commanded pressures. In the ‘Top-down’ approach, all the
volumes were regulated to the maximum F,,,; until the |Psensi — Pcomi| < 0, and then the rest
of the volumes were regulated to the next highest pressure and so on until all the volumes were
regulated to their respective commanded pressures. The ‘Bottom-up’ approach was the most
energy efficient due to the minimal pumping and exhausting used when the volumes were not
under load. However, the ‘Top-down’ was found to be the least intrusive when the volumes
were already pressurized and needed to be only exhausted selectively.

[0088]  The first or second microcontroller obtained the commanded internal pressure map
( P.,) from the GUL. Depending on whether ‘Top-down’ or ‘Bottom-up’ was selected, an
ascending or descending order of volumes was created. All the volumes of the air cell bodies
were then regulated to the minimum or maximum of the commanded internal pressure map,
respectively, until the absolute value of the error was less than ¢. The exhaust solenoid was

opened and the pump was turned off if the sensed pressure was greater than Frop; + 0.

Conversely, the exhaust solenoid was closed and the pump was turned on if sensed pressure
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was less than Py, —0o. If the absolute value of the tracking error is less than g, the

corresponding solenoid s; was closed. This process is repeated until all the air cell bodies were
regulated to their commanded pressure within a given tolerance, . Although the FIG. 20
shows the algorithm for all 62 air cell bodies, the algorithm can also be used for any given
subset of air cell bodies selected through the GUL

Practical Considerations
[0089] The range of the analog MEMS pressure sensors combined with a 10-bit ADC

resolution resulted in a 0.1 kPa sensing resolution for each Pgp;. Similarly, the range of the

linear pressure regulator combined with 8-bit DAC resolution of the first and second
microcontroller resulted in a 0.27 kPa commanded pressure resolution. The tolerance o, which
determined the end condition, was chosen to be greater than either of these resolutions so that
there was a greater chance of capture. It was found that 0.5 kPa was the minimum tolerance
which yielded capture in most cases.

Use-Case Scenarios

[0090] The controller, which was capable of regulating the internal pressures of the air cell
bodies to any given commanded pressure map, could be leveraged to include special operations
for the treatment of pressure ulcers. Two such special operations were defined here for
validation: offloading and redistribution. Given an initial pressure map of a seated person, an
offloading operation commanded the internal pressure in higher pressure areas to zero. A
redistribution operation, on the other hand, commanded the internal pressure within any given
set of air cell bodies to a constant value. An offloading operation relieved pressure from high
pressure areas, whereas the redistribution operation distributed the weight of the seated person
uniformly across the seating area. These two scenarios were tested for validating the operation
of the seat cushion device.

Validation Studies
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[0091] Pressure offloading and redistribution tests were used to validate the control
implementation of the seat cushion prototype. Three studies were conducted to demonstrate
the capability of the controller to facilitate pressure mapping and automated pressure
modulation.  The captured pressure maps having 62 instantaneous pressure values
(corresponding to the 62 air cell bodies) were shown after interpolating the non-uniform
internal pressure data over a uniform finer mesh of 200x200 resolution spanning the seating
area. The MATLAB subroutine ‘griddata’ was used to facilitate biharmonic spline
interpolation of the non-uniform data. All the tests were performed starting from a neutral
seating position with a volunteer as shown in FIG. 21.

[0092] In the first study, the pressure mapping was validated with shifting body weight. All
air cell bodies in the seat cushion were uniformly inflated to a constant pressure of 2 kPa, as
shown in FIG. 22(a). The controller took about 62 seconds to inflate the whole seat cushion to
the given pressure starting from 0 kPa. A volunteer was then seated on the cushion in a neutral
upright position without foot support. The initial seating pressure profile is shown in FIG.
22(b). It can be observed that the anatomical features are prominently depicted in the pressure
map. The two distinct pressure concentration areas correspond to the ischial tuberosities.
[0093] Then a series of seating pressure profiles were captured when the subject shifted
weight at different seating postures: leaning forward (FIG. 22(c)), backward (FIG. 22(d)), left
(FIG. 22(e)), and right (FIG. 22(f)). As expected, only the air cell bodies bearing the body
weight reported higher pressure values and other non-contacted ones remained at the initial
inflation pressure level during the weight shifting. It was also observed that the pressure
changes from shifting weight were instantaneous without notable delay. The GUI depicted an
interpolated map as shown in FIG. 22, which is a more intuitive representation than an array

of numbers thus making it suitable for clinical use.
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[0094] The second study demonstrated the redistribution capability where the system
redistributed the resultant pressure map from a sitting person to a uniform pressure map of any
given pressure. FIG. 23 shows an initial pressure map which resulted from seating a person
weighing 132 pounds onto the cushion with a uniform initial inflation pressure of 0 kPa for all
air cell bodies (see FIG. 25, step 204). The anatomical features of the seated person can be
observed in FIG. 23(a), where areas of high pressure occur at ischial tuberosities. Note that
the pressure for such a redistribution procedure was initially computed as an average internal
pressure of air cell bodies in FIG. 23(a) and then reduced to 2.5 kPa as seen in FIG. 23(b) with
the person still seated on the seat cushion, thereby neutralizing otherwise high pressure areas
(see FIG. 25, step 208). The average air pressure could have been further reduced gradually
until just before the air cell bodies bottom out (i.e. air pressure no longer supports the weight)
in order to reduce interface pressures further. The second study was repeated for three
individuals of weights 110, 132, and 182 pounds with a minimum redistribution pressure of
around 2.5 kPa. This study showed the redistribution capability of the seat cushion and the
resolution of the redistributing pressure.

[0095]  The third study demonstrated the automated pressure modulation capability where
the system identified the pressure concentration areas to perform offloading followed by
pressure redistribution among the remaining air cell bodies. Initially, the anterior and posterior
areas of the cushion were pressurized to different levels. The smaller air cell bodies under the
ischial tuberosities in the posterior area were inflated to 3.5 kPa and the bigger air cell bodies
under the thighs remained at zero gauge pressure. The initial pressure map after inflation of
all air cell bodies is displayed in FIG. 24(a) (see FIG. 25, step 204). The resulting pressure
map shown in FIG. 24(b) depicts the subject seated in a neutral seating position. It can be
observed that the pressure concentration occurred under the ischial tuberosity area. Pressure

offloading was performed by the GUI, which selected all the air cell bodies above a certain

-33-



10

15

20

WO 2018/195444 PCT/US2018/028599

threshold to be oftloaded (see FIG. 25, step 212). The threshold pressure was indirectly chosen
using a non-dimensional parameter y in the interval (0, 1). The parameter y signified the
pressure threshold beyond which the air cell bodies will be offloaded. For instance, y =0.7
implied that the pressure threshold was at 70% of the interval (Pp,in, Pnayx) 1n the pressure
profile shown in FIG. 24(b). Based ony = 0.7, the GUI automatically selected and offloaded
air cell bodies numbered 11, 16, 17, 18, 21, 22, 37, 42 since their pressures were higher than
the determined pressure threshold. FIG. 24(c) shows successful offloading of pressure from
the automatically selected areas. Then, the redistribution routine was initiated. The
redistribution routine redistributed the residual pressure uniformly across the rest of the air cell
bodies (see FIG. 25, step 208). Successful redistribution was achieved, as shown in FIG. 24(d),
where the pressure distribution was uniform throughout the cushion while the designated areas
were still offloaded.

[0096] This automated seat cushion system, with a novel scheduling bang-bang controller,
was demonstrated with the proposed hardware for real time mapping, offloading, and
redistribution of seating interface pressure. This system shows instantaneous local pressure
measurement and automated pressure modulation, which can have a greater clinical impact for
developing pressure ulcer mitigation strategies.

[0097] The claims are not intended to include, and should not be interpreted to include,
means-plus- or step-plus-function limitations, unless such a limitation is explicitly recited in a

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

1. A system comprising:

a device having a body that defines a plurality of cavities;

a pressure source configured to be in fluid communication with the plurality of cavities;

a plurality of sensors configured to capture data indicative of pressure within the
plurality of cavities; and

one or more controllers configured to actuate the pressure source to move fluid toward
and/or away from one or more of the plurality of cavities;

wherein the device is configured to be disposed between a user and a surface on which

the user is disposed upon.

2. The system of claim 1, wherein the one or more controllers are configured to be coupled
to a graphical user interface (GUI) such that the one or more controllers is configured to actuate

the pressure source in response to a command received by the GUL

3. The system of claim 2, comprising a plurality of valves configured to control fluid flow
between the pressure source and one or more of the cavities, wherein the plurality of valves are
configured to be actuated by the one or more controllers in response to the command received

by the GUL

4. The system of claims 2 and 3, comprising a pressure regulator configured to control
fluid flow to one or more of the plurality of valves, wherein the plurality of valves are
configured to be actuated by the one or more controllers in response to the command received

by the GUL
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5. The system of claims 1-4, comprising a graphical user interface (GUI) configured to
receive a command and, in response to the command, perform one or more of the following
functions:
display a magnitude and/or location of pressure data within one or more of the cavities;
and
toggle and/or define a manual and/or automated modulation of a pressure within one or

more of the cavities.

6. The system of claims 1-5, wherein one or more of the plurality of cavities are at least
partially defined by a sidewall, at least a portion of the sidewall being planar, corrugated,

bellowed, and/or curved.

7. The system of claims 1-6, comprising a second body defining a second plurality of
cavities configured to provide vibration reduction by changing an internal pressure within one

or more of the second plurality of cavities.

8. The system of claim 7, wherein changing the internal pressure within the one or more

of the second plurality of cavities changes an overall vertical height of the device.

9. The system of claims 1-8, wherein the body includes one or more of the following

materials: polyurethane, neoprene, silicone rubber, and natural rubber.

10.  The system of any of claims 1-9, where the surface is a seat of a wheelchair.
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11. A pad device comprising:
a body defining a plurality of cavities configured to be coupled to a fluid source such
that the fluid source can deliver fluid to vary internal pressures of the cavities;
and

wherein the body defines a pad.

12. The device of claim 11, wherein the device is configured to be disposed between a user

and a surface on which the user is disposed upon.

13. The device of claims 11 or 12, wherein one or more of the cavities include a hydraulic

fluid and/or a pneumatic fluid.

14.  The device of claims 11-13, wherein the body includes one or more of the following

materials: polyurethane, silicone, neoprene, and natural rubber.

15. The device of any of claims 11-14, where the surface is a cushion of a wheelchair.

16. A method for actuating a pad device having a body defining a plurality of cavities
configured to be coupled to a fluid source such that the fluid source can deliver fluid to vary
internal pressures of the cavities, wherein the body defines a pad configured to support a seated
user, the method comprising:

(1)  increasing pressure of a first one or more of the cavities;

(2) after a first predetermined amount of time, decreasing pressure of the first one
or more of the cavities;

(3)  increasing pressure of a second one or more of the cavities;

4) after a second predetermined amount of time, decreasing pressure of the second
one or more of the cavities; and

(5)  increasing pressure of a third one or more of the cavities.
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17. The method of claim 16, wherein steps (1) — (5) are controlled by one or more

controllers.

18. The method of claims 16 or 17, comprising repeating steps (1) — (5).

19. The method of claims 16-18, wherein steps (1) and (2) occur simultaneously.

20. The method of claims 17-19, wherein steps (1) — (5) are performed in response to user
input via a graphical user interface (GUI) that is in communication with the one or more

controllers.

21. The method of claims 16-20, wherein one or more of the plurality of cavities are at least
partially defined by a sidewall, at least a portion of the sidewall being planar, corrugated,

bellowed, and/or curved.

22. The method of 14-19, comprising wherein the pad device includes a second body
defining a second plurality of cavities and the method comprises increasing and/or decreasing
an internal pressure within one or more of the second plurality of cavities, thereby changing an

overall vertical height of the pad device.
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