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(57) ABSTRACT

A system, device and method for automatically and remotely
acquiring sensor data from a wearable patch mounted on a
patient. An example device implemented as a wearable patch
includes a sensor assembly comprising a plurality of sensors
configured to detect a corresponding plurality of sensory
modalities and generate electrical signals representing the
sensory modalities. A signal converter receives the electrical
signals from the plurality of sensors and converts the signals
to sensor data signals comprising a data representation of at
least one of the electrical signals. A communications inter-
face communicates the sensor data signals to a sensor data
processing system.




Patent Application Publication Mar. 15,2018 Sheet 1 of 7 US 2018/0070841 A1

FIG, 1 / []— 104
102 ~ =100
v
109 10 ‘f -ﬁ.
By r

110

\<\— 111




Patent Application Publication Mar. 15,2018 Sheet 2 of 7 US 2018/0070841 A1

200
| 2022
SENSOR 1 201
202 Y
-/
SENSOR 2 ;04 ;06
. SIGNAL COMMUNICATION | |
: CONVERTER INTERFACE
SENSOR N
\_202n
i
203
EnNErGY | | SHELF | | POWER | | wakewp | =2
STORE SENSOR SWITCH SENSOR
{ { { {
\ \ \ \
] ] ] ]
207 210 208 209

FIG. 2



Patent Application Publication Mar. 15,2018 Sheet 3 of 7 US 2018/0070841 A1

316 /\-300
| oz Vs )

LY

| [ sHeLFmopE | swFmoor | |
WAKEUP SENSOR _¢ LOCKOUT SWITCH ]
07 DI0_ake . ADC |
RTC/SWITCH
I soosr [ [ % i |
Voat _CONVERTER | |
g 1 y DIOSE | || |
0 L | i
' |
- A gﬁgw | o [P |
ACCELEROMETER AUDIO [ : Wy WATCHING |1
>~ ADC newore |
'd v | |
3022 LT T -
306
MICROPHONE ZZ’;W
r 7 7
302b
PIEZO \ | cuRGE |
(1 SENSOR 4 4 7 !
302¢
SERIAL
BUS e | wemory FI G. 3/4
TEMPERATURE
0% || sewsorxz | (]
- 32
3024
/\-304
356 1 350
372
258 / ¢ Hyg
aeron | wey | MRS 37
0S¢
A FLASH/RAM
Prowa R 4 BATTERY
ANALOG SIGIAL ~_ 312
354 CONDITIONING
FIG, 3C | [ 3




Patent Application Publication Mar. 15,2018 Sheet 4 of 7 US 2018/0070841 A1

OPERATING SYSTEM 330
( SENSOR DATA

PROCESSING 340
y
ENTER SHELF MODE l
ACQUIRE SENSOR
MODALITIES REPRESENTED
AS FLECTRICAL SIGNALS
242
CONVERT ELECTRICAL SIGNALS
SYSTEM BOOT TO CORRESPONDING DATA
334 SIGNALS
¥ 34
SLFFP MODE
336 l
STORE DATA SIGNALS FOR
TRANSMIT TO DATA
P PROCESSING SYSTEM
NO 34
YES "
( WAIT FOR TIMFOUT 348 )
INITIATE READ TIMER
338
ACQUIRING SENSOR
MODALITIES AND
PROCESSING SENSOR
DATA o]  COMMAND PROCESSOR
30 350
v
TRANSMIT STORED DATA
CONNI SIGNALS TO DATA PROCESSING
TO HUB? SYSTEM
352
I

FIG. 3B



Patent Application Publication Mar. 15,2018 Sheet 5 of 7 US 2018/0070841 A1

380
382
Batery L, SheffSensor | | Power Switch d Wakeup Sensor
3 & " 6} 3%
4
MOTION SENSOR 21
(EG. ACELEROMETER)
208 \'%
PPG SENSOR
3838 ™ PROCIRSOR
- 3
COMMUNICATION
ACOUSTIC SENSOR/ . 306ACE
MICROPHONE | _
(OPTIONAL)
388C
A 4
MEMORY
390

FIG. 3D



Patent Application Publication Mar. 15,2018 Sheet 6 of 7 US 2018/0070841 A1

400

402 \ /—J

[ BRIl

S 404
\ .

FIG. 4A

7=

W

FIG. 4B




Patent Application Publication Mar. 15,2018 Sheet 7 of 7 US 2018/0070841 A1

500
502 1
\J DEEP SLEFP RTC TIMER
504 |
\ ENABLE AFE, ADC
506 !
\| SAMPLE @ 10ksps
FOR 2 SEC
508 !
FFT, FILTERING
DETECTION ALGORITHM
510 1
FIG, 5 \ WAKEUP RADIO
512 1
N\ TRANSMIT RESULT

500~/\ FIG, 6

603 605 607

6&2 _(— 50H4 ( 60\6 _(— 60\8

Hove == currieR AWS
PATCH HB || NETWORK SERVER

A




US 2018/0070841 A1

WEARABLE DEVICE WITH MULTIMODAL
DIAGNOSTICS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application Ser. No. 62/393,590 (Attorney Docket No.
44167-711.101), titled “Wearable Stethoscope Patch,” filed
on Sep. 12, 2016, the entire contents of which are incorpo-
rated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The present invention relates to methods and sys-
tems using sensors to non-invasively measure subcutaneous
processes in a patient, and more particularly to systems and
methods for simultaneously measuring a plurality of sensory
modalities and processing the measurements to detect physi-
ological phenomenon in the patient’s body.

[0003] Stethoscopes are effective tools used in the hospital
and doctor’s office during physical exams for noninvasive
detection of physiologic sounds. Several designs have
gained popularity amongst clinicians, such as the Litt-
mann™ stethoscope, and the Welch-Allyn™ stethoscope.
These devices have been designed to be portable devices
that are clinician-centric and can be easily be moved from
one location to another on a patient during a single visit, and
also easily used across several patients. Physiological issues
such as blocked blood flow, abnormal lung sounds, heart
murmurs, etc. occur at specific locations on the body (e.g.
the arm for a blocked arteriovenous fistula, the neck for an
obstruction in the carotid artery, the chest or back for
abnormal air flow in the lungs, etc.) and are typically
detectable using stethoscopes during patient-doctor exams.
These physiological issues cannot however be effectively
tracked outside of the clinic. The stethoscope requires the
patient’s presence in the clinic to be used by a doctor trained
in interpreting the noise heard on the stethoscope. This
makes management of patients more difficult and leads to
poor patient outcomes, since the patient cannot be monitored
for a developing health issue until it has caused the patient
damage.

[0004] One application that illustrates the limitations of a
stethoscope is the monitoring of the flow rate of an arterio-
venous access, such as for example an arteriovenous access
used with patients undergoing dialysis. Dialysis patients
may have a fistula (natural vein) or a synthetic graft inserted
to provide access to blood flow for dialysis treatments. An
example of how access to blood flow in a dialysis patient
may be achieved is illustrated in FIG. 1. FIG. 1 is an image
of a patient’s arm 100 with selected veins and arteries fitted
with an arteriovenous (AV) access 102. The AV access 102,
which in the illustrated example is implemented using a
synthetic bridge graft, is inserted to receive blood from an
artery 104. The AV access 102 extends from the artery 104
to a vein and thereby transports blood to the vein 106. A first
catheter 108 is inserted into the AV access 102 on the arterial
side to transport some of the blood (at 109) from the artery
104 to a dialysis machine (not shown). A second catheter 110
is inserted on a venous side to transport the blood (at 111)
from the dialysis machine back into the vein 106. Over time,
the AV access 102 may become occluded and prevent the
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patient from receiving dialysis treatment. The blockage can
typically be acute as the result of thrombosis or build up over
time through stenosis. A blockage can also be the result of
narrowing caused by stenosis which can lead to a thrombo-
sis.

[0005] A blockage detected sufficiently early may be
treated. The AV access may be unclogged (e.g. by perform-
ing a thrombectomy or angioplasty) while preserving the
access. If a thrombosis forms, clinicians must intervene prior
to the hardening of the thrombus. which typically occurs
within 48-72 hours, in order to successfully treat the patient
and preserve the access. If left untreated, the access may
need to be replaced, which may lead to 4-12 weeks of
catheter-based dialysis in the patient’s treatment. Central
catheters carry several well-known risk factors for patients
(e.g. infection, easily blocked, etc.) and as a result, their
long-term inclusion in a patient’s dialysis protocol is con-
sidered to be an indicator of poor quality of care for the
dialysis patient by organizations such as the Center for
Medicare Services (CMS) and the National Kidney Foun-
dation. A stethoscope may be used to detect a thrombosis
sufliciently early to treat and preserve the access. However,
the stethoscope is only available to detect the thrombosis
when the patient is in the presence of a doctor that has it. A
thrombosis may harden during the time between such occa-
sions.

[0006] There is a need in the art for a device and system
that provides the ability to automatically collect, store,
transmit and process sensor data several times a day while
not requiring patient action for any of the above steps. There
is also a need in the art for a device and system that provides
the ability to identify a problematic signal and alert a
clinician about bringing the patient in for a more thorough
examination.

[0007] It would also be advantageous for noninvasive
methods and devices that may be used to monitor physi-
ological phenomenon to be wearable by the patient. Existing
stethoscope designs today are ill-suited to meet a wearable
form factor. Stethoscopes are designed as rigid devices that
would be unwieldy to leave on a patient for any length of
time due to their dimensions and weight. These devices are
also necessarily rigid due to their underlying architecture.
Stethoscopes often have a “cup” or other form of diaphragm
that is used to provide acoustic impedance matching from
the skin to another medium. These components add to the
overall bulk and rigidity of existing stethoscopes. The bulk
and rigidity of existing stethoscopes does add to the ease of
use for these devices in their classic use case, typically, a
clinician moving the stethoscope from one location to
another easily to perform a complete physical examination
on a patient during their visit. However, this removes them
as practical devices that could be used as a long-term,
low-profile wearable device for remote monitoring of patient
health.

[0008] The stethoscope is also limited to detecting a single
sensory modality. The doctor listens for sounds that indicate
blocked blood flow, abnormal lung sounds, heart murmurs,
for example. It would be advantageous for a wearable device
to be used in a variety of other applications, including but
not limited to detection of anomalous beat patterns in the
heart, abnormal flow through a vessel, or abnormal breath-
ing patterns/air flow in the lungs. Continuous monitoring in
diverse locations would also be advantageous.
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BRIEF SUMMARY OF THE INVENTION

[0009] Inview ofthe above, devices, systems and methods
are provided to automatically collect, store, transmit and
process sensor data several times a day while not requiring
patient action for any of the above steps. The devices,
systems and methods may also identify a problematic signal
and alert a clinician about bringing the patient in for a more
thorough examination.

[0010] In one example implementation, a wearable patch
is provided for sensing information relating to subcutaneous
processes in a patient. The wearable patch includes a patch
substrate configured to attach to a body part of a patient. A
sensor assembly is mounted on the patch substrate. The
sensor assembly comprises a plurality of sensors configured
to detect a corresponding plurality of sensory modalities and
generates electrical signals representing the sensory modali-
ties. A signal converter on the wearable patch is configured
to receive the electrical signals from the plurality of sensors
and to convert the signals to sensor data signals comprising
a data representation of at least one of the electrical signals.
A communications interface communicates the sensor data
signals to a sensor data processing system.

[0011] In another example implementation, the device is
implemented in a system that includes a sensor data pro-
cessing system.

[0012] In another example implementation, a method is
provided for monitoring subcutaneous processes in a patient.
The method includes sensing a plurality of sensory modali-
ties using a sensor assembly comprising a plurality of
sensors mounted on a wearable patch. The sensory modali-
ties are received as electrical signals representing the sen-
sory modalities. The electrical signals are converted to a
plurality of corresponding sensor data signals. The sensor
data signals are then transmitted to a sensor data processing
system.

[0013] Some examples of devices, systems, and methods
for automatically collecting, storing, transmitting and pro-
cessing sensor data are outlined above rather broadly in
order that the detailed description thereof may be better
understood, and in order that the present contribution to the
art may be better appreciated. Additional example imple-
mentations of the devices, systems, and methods are
described below and will form the subject matter of the
claims appended hereto. In this respect, before explaining at
least one example of the devices, systems, and methods in
detail, it is to be understood that the devices, systems, and
methods are not limited in their application to the details of
construction or to the arrangements of the components set
forth in the following description or illustrated in the draw-
ings. Other example implementations of the devices, sys-
tems, and methods may be developed, practiced and carried
out in various ways. Also, it is to be understood that the
phraseology and terminology employed herein are for the
purpose of the description and should not be regarded as
limiting.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The invention can be better understood by referring
to the following figures. The components in the figures are
not necessarily to scale, emphasis instead being placed upon
illustrating the principles of the invention. In the figures, like
reference numerals designate corresponding parts through-
out the different views.
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[0015] FIG. 1 depicts an arm having a synthetic bridge
graft between an artery and a vein.

[0016] FIG. 2 is a block diagram of an example imple-
mentation of a wearable patch with a sensor assembly and a
wireless communication interface.

[0017] FIG. 3A is a block diagram of another example
implementation of a wearable patch with a sensor assembly
and a wireless communication interface.

[0018] FIG. 3B is a flow diagram illustrating operation of
an example operating system for the wearable patch of FIG.
3A.

[0019] FIG. 3C is a block diagram of an example of a
processor used in example implementations of the wearable
patch in FIG. 3A.

[0020] FIG. 3D is a block diagram of an example imple-
mentation of another wearable patch.

[0021] FIG. 4A is a perspective bottom view of an
example of a wearable patch.

[0022] FIG. 4B is a top view of an example of a wearable
patch.
[0023] FIG. 5 is a flowchart illustrating operation of a

method for monitoring subcutaneous processes in a patient
wearing a wearable patch.

[0024] FIG. 6 is a block diagram of an example system for
monitoring a patient wearing a wearable patch.

DETAILED DESCRIPTION OF THE

INVENTION
[0025] System Description.
[0026] Disclosed herein are systems and methods for

monitoring a patient. In an example implementation, a
system for monitoring a patient includes a wearable device,
or a wearable patch, configured to attach to a body part of
a patient. The wearable patch includes a sensor assembly
mounted on a patch substrate (described below with refer-
ence to FIGS. 4A and 4B), which is the portion that
physically attaches to the patient. The sensor assembly
comprises a plurality of sensors configured to detect a
corresponding plurality of sensory modalities and generate
electrical signals representing the sensory modalities. The
wearable patch includes a signal converter configured to
receive the electrical signals from the plurality of sensors
and to convert the signals to sensor data signals comprising
a data representation of at least one of the electrical signals.
The patch may include a storage mechanism (memory local
to the patch) to retain the sensor data signals until a
communications interface can be established. A communi-
cations interface communicates the sensor data signals to a
sensor data processing system. The signal converter and the
communications interface may also be mounted on the
wearable patch portion with the sensor assembly. The wear-
able patch portion of the wearable patch is attached to a
patient to take measurements based on the sensors included
in the sensor assembly. The data from the sensors is com-
municated to the sensor data processing system.

[0027] As used herein, the terms “close proximity,”
“local,” “locally,” “substantially close,” or “near” in refer-
ence to a patient wearing a wearable device or patch shall
mean within a distance at which the communication inter-
face on the wearable patch communicates using Blu-
etooth™, Near-Field Communication (NFC), near field
magnetic communication, a wired connection, or any wire-
less technology adapted for short or medium range commu-
nication. Communications over distances typically by cel-
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lular, WiFi to the Internet, the Internet, satellite, or any other
technology configured for communication beyond a build-
ing shall be understood to be “remote,” “far,” or at a “long
distance.”

[0028] Inan example implementation, the communication
interface on the wearable patch transmits sensor data signals,
processed measurements, or alerts indicating that more
thorough examination of the patient may be required, to a
local hub using a first protocol configured for local or near
distance communications. The local hub communicates the
sensor data signals to a remote sensor data processor over a
second protocol configured for long distance communica-
tion. The first protocol may include Bluetooth™, near field
communication protocols, near field magnetic protocols, or
any communication protocol configured to provide commu-
nications over a short distance. The second protocol may
include cellular communications, WiFi communication via
the Internet, satellite communications, and other long dis-
tance communications protocols. In the second protocol, a
local hub is not required. In one example, a local hub may
be implemented as an application on a smartphone using
Bluetooth™ to receive sensor data signals from the wearable
patch. The wearable patch and the smartphone may process
the sensor data signals to a desired extent, or may simply
relay the sensor data signals to the remote sensor data
processor using a WiFi connection to the Internet or a
cellular data connection.

[0029] It is noted that in some example implementations,
the local hub is not used and the communication interface on
the patch may connect directly to the Internet to a cloud
service, a database, or other system that may include a
remote sensor data processor. In such implementations, the
communications interface on the patch may implement a
communication protocol suitable for connecting to the Inter-
net or other data network, such as for example, a WiFi
protocol, a cellular data communications protocol, satellite
communications or any other long distance communication
protocols.

[0030] The sensor data processing system, which may
include the local hub and the remote sensor data processor
may include an interface to a patient medical records data-
base, any suitable database, or a web portal. The sensor data
processing system may also include an alerting system to
send notifications of conditions requiring urgent attention to
a doctor or any other specified person. The notifications may
be sent using any suitable communications system such as,
for example, notification via e-mail, notification on a web-
site, notification by text message, or any other suitable
signaling mechanism.

[0031] The sensor assembly on the patch substrate may
include any combination of sensors. For example, sensors
included in example implementations of the sensor assembly
may include any combination of the following:

[0032] 1. acoustic sensors

[0033] 2. inertial sensors (including accelerometers, gyro-
scopes, angular accelerometer, etc.)

[0034] 3. strain gauges

[0035] 4. temperature sensors
[0036] 5. pressure sensors
[0037] 6. optical sensors
[0038] 7. moisture sensors
[0039] 8. conductivity sensors
[0040] 9. chemical sensors
[0041] 10. flow sensors
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[0042] In some implementations, an ultrasonic transducer
may be disposed in the sensor assembly along with ultra-
sonic sensors to obtain ultrasonic imaging of a desired body
part.

[0043] Insome implementations, the sensor assembly may
be configured for specific applications by selecting sensors
that provide information that may be used to determine a
state of a certain condition. In one example, the wearable
patch may be configured to monitor an arteriovenous (AV)
fistula on a dialysis patient. The wearable patch may include
a sensor assembly having an acoustic sensor, an accelerom-
eter, a strain gauge, and two thermometers. The acoustic
sensor may be a microphone designed to have a flat sensi-
tivity between about 20 Hz and 10 kHz, or at least a range
that is substantially equivalent to that of human hearing. The
accelerometer may be selected to be sensitive along three
axes from DC to 500 Hz. The strain gauge may be selected
to have a sensitivity to mechanical strain between 0.1 Hz to
20 MHz. The temperature sensors may be selected to have
resolutions below 0.1° C. and sample up to 8 Hz.

[0044] Inthe example application, the wearable patch may
be applied to the surface of a patient’s arm over an AV
fistula, which may be used for kidney dialysis. FIG. 1
depicts an arm having a synthetic bridge graft used as an AV
fistula between an artery and a vein. The output of the
microphone provides an acoustic signature of the flow
within the fistula. The accelerometer provides several pieces
of information. For example, the accelerometer generates
data indicative of the orientation of the arm with respect to
gravity from the DC component of all three axes. The
accelerometer may also be used to determine if the arm is in
motion during the reading of the data, which in turn may be
used to determine if the motion of the arm was sufficient to
affect the readings from the other sensors. The accelerometer
may also provide a ballistic cardiographic measurement in
the location of the fistula. The strain gauge provides infor-
mation about the strength of the pressure wave through the
fistula as it forces expansion on the surface of the skin. The
two temperature sensors provide a differential measurement
of skin temperature in the region of the fistula relative to a
location without significant arterial flow. Thermography is
well-known as a tool for determining the state of healthy
blood flow in the periphery.

[0045] The sensor assembly fitted with the above-de-
scribed sensors provides multiple and simultaneously col-
lected data streams at any given time. The combination of
these simultaneous data streams provides a more complete
and accurate assessment of the quality of blood flow within
the fistula, more than any single data stream can provide
individually. The specific signature of the multiple data
streams processed together can provide diagnostic informa-
tion to the clinician as to the source of any change in the
condition of the fistula.

[0046] FIG. 2 is a block diagram of an example imple-
mentation of a wearable patch 200 comprising a sensor
control module 201 and a power module 203. It is noted that
the block diagram in FIG. 2 is schematic such that compo-
nents are described in functional bocks for clarity with no
intent to limit the described examples to any number of
modules. An example implementation may include separate
hardware modules implementing the sensor control module
201 and the power module 203. In other implementations, a
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single hardware module, e.g. a circuit board, may include
components of both the sensor control module 201 and the
power module 203.

[0047] The sensor control module 201 includes a sensor
assembly 202 and a wireless communication interface 206.
The sensor assembly 202 includes N sensors, sensor 12024,
sensor 2, 2025, and additional sensors up to sensor N 2027.
Each sensor 202a-n detects a corresponding sensory modal-
ity and converts the sensory modality to an electrical signal.
The electrical signal is communicated to a signal converter
to convert the electrical signal to a suitable data represen-
tation of the properties indicated by the electrical signal. For
example, the acoustic sensor may be a microphone or a
piezoelectric transducer. Sound is converted to electrical
signals in a well-known manner producing a signal having
a frequency and an amplitude. The electrical signal may be
processed by amplifying the signal and filtering the signal to
reduce any noise that may be in the signal. The electrical
signal may then be input to a signal converter 204 to convert
the electrical signal to data.

[0048] The signal converter 202 may include an analog-
to-digital converter (ADC) to generate a series of digital
samples representing a voltage level at each part of a wave
formed by the electrical signal. The signal converter 204
may also include a processor to perform, for example, digital
signal processing techniques to either reduce the data set to
include only the most meaningful data, to filter out signal
anomalies, or to perform other similar functions. The pro-
cessor may also include functions to manage the operation
of the wearable patch 200. For example, the processor may
be programmed to implement an operating system, such as
for example, a state machine in which the components are
controlled according to various states. Other types of oper-
ating systems may also be used, such as an infinite loop of
control functions for acquiring sensor data, and managing
the power during times in which the wearable patch is not
acquiring sensor data. The processor may operate using
interrupt schemes, or polling of input/output (I/O) devices to
control the functions of the wearable patch 200. The pro-
cessor may be programmed to perform minimal processing
of the data, or to perform signal conditioning functions or to
perform more high-level functions such as analysis sufficient
to determine if an alert should be communicated. In some
implementations, the digital signal processing and other
high-level functions may be performed by the sensor data
processing system, which may be at the local hub in a system
that includes the local hub.

[0049] Each sensor 202 may be connected to provide
electrical signals to the signal converter 204 to form chan-
nels of sensor data. The signal converter 204 may be
configured to provide signal processing functions tailored to
the sensor 202 connected to the signal converter 204. The
signal converter 204 may also include functions to format
the simultaneously collected data as a sensor data signal in
a manner that permits the sensor data signal to be commu-
nicated. The signal converter 204 communicates the sensor
data signal to the communication interface 206 for trans-
mission to the sensor data processing system. In some
implementations, the sensor data may be combined into a
single sensor data signal. In other implementations, the
sensor data may be formatted in sensor data signals that
correspond to each sensor from which the data is obtained.
That is, the sensor data signal may be communicated as a
single data stream that combines the sensor data from each
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sensor, or as multiple data streams each having the sensor
data from a corresponding sensor. The sensor data may be
may be stored in a memory device prior to communicating
the sensor data over a data network. In some cases, the
sensor data may be collected while a connection via the
communications interface is unavailable. The sensor data
may then be stored until a connection via the communica-
tions interface is available. The sensor data may be com-
pressed for more efficient storage and transmission.

[0050] The communication interface 206 may be config-
ured to operate using any suitable communications protocol.
A wireless communication protocol is preferred, although a
wired communication protocol may be used as well. In an
example implementation in which the wearable patch 200
communicates with a local hub, which then communicates
with a remote sensor data processor, the communication
interface 206 may include functions enabling communica-
tion using communication protocols for short distance com-
munication. The communications interface 206 may also
communicate using communication protocols for short dis-
tance communication to transmit sensor data signals to a
locally placed sensor data processing system. The system
data processing system may provide monitoring functions,
diagnostic functions, and may interface with locally or
remotely located databases or web portals. The system data
processing system may also include functions to send alerts
by email, text messages, or other available formats.

[0051] The power module 203 includes an energy source
207 such as, for example, a battery or other portable energy
source that may be of limited capacity. The power module
203 may be configured to operate in a low power state. In an
example implementation, the power module 203 may be
configured to operate in a state in which the components on
the sensor control module 201 are isolated from the energy
source 207 be a power switch 208 as shown in FIG. 2. The
low power state, or the state in which power is switched off
permit the wearable patch to implement functions that
conserve energy.

[0052] In an example implementation, the power module
203 may include a wakeup sensor 209 to change the state of
the power switch 208 after a period of time. The power to the
sensor control module 201 may be turned off during the time
period and then turned on to power the sensor module 201
after the time period has elapsed. The wakeup sensor 209
implements a power-on, power-off cycle so that the sensor
control module 201 only uses power when it is needed. The
wearable patch does not need to read and process data from
the sensors continuously because the parameters analyzed
from the sensor data change over periods of time that are
much greater than the frequency at which sensor data can be
collected. Power can be saved by turning the power off when
the wearable patch does not need to be performing any
functions.

[0053] The wakeup sensor 209 may be implemented using
a watchdog timer that times up, or down, to, or from a time
period. When the time period elapses, the watchdog timer
may switch the power switch 208 to power the sensor
control module 201 and to signal the processor to perform
needed functions, such as acquisition of sensor data, or other
processing functions. In example implementations, the
wakeup sensor 209 may include a sensor that detects activity
at one or more of the sensors 202a-202x. For example, the
wakeup sensor 209 may include a signal detecting function
in which an electrical signal from one or more sensors of
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sufficient magnitude to constitute a meaningful signal from
the sensors is detected as a trigger to power the signal
control module 201 to begin acquisition.

[0054] In some implementations, the wakeup sensor 209
may be a sensor of selected states that indicate conditions for
which power should be provided to the signal control
module 201. For example, the wakeup sensor 209 may
include any combination of the following:

[0055] 1. Magnetic sensors or switches

[0056] 2. Optical sensors

[0057] 3. Motion, acceleration or tilt sensors

[0058] 4. Temperature sensors

[0059] 5. Capacitive proximity sensors

[0060] 6. Mechanical switches

[0061] The above types of sensors may be used in example

implementations as the wakeup sensor 209 in a variety of
ways depending on the modality of the sensor. For example,
a mechanical switch may be used as a simple power
on/power off button to activate the wearable patch 200.
Temperature sensors and motion sensors (e.g. accelerom-
eters) may be used to trigger the wearable patch 200 into an
active, power-on state based on selected conditions of the
patient. Magnetic sensors/switches, capacitive proximity
sensors, and optical sensors may be configured to trigger to
a power-on state based on environmental conditions, which
may include specific signals provided to turn the wearable
patch 200 to a power-on state by another mechanism.

[0062] The wearable patch 200 may also include functions
and components to support long term storage of the wear-
able patch 200 while conserving power without the need for
a switch to turn the power to the wearable patch 200 to the
on-state. For example, the wearable patch 200 may operate
in a “shelf mode.” The shelf mode may be entered via
explicit control (e.g. a command) received from a device
communicating over the communication interface 206. In
some implementations, the shelf mode may be entered based
on one of the sensors 202. In some implementations, the
shelf mode may be entered based on a specific shelf sensor
210 as shown in FIG. 2. When in shelf mode, the various
components of the wearable patch 200 may be commanded
to enter a low power mode, or may be cut off from power by
the power switch 208, or other switches selectively inserted
to control selected sensors 202. The shelf mode can be exited
based on any of the sensors 202 (e.g. when starting to
receive sensor signals), or via the optionally implemented
shelf sensor 210. The shelf sensor 210 may be configured to
automatically detect when the wearable patch 200 is being
deployed, or when the wearable patch 200 is to be attached
to a patient for service. The shelf sensor 210 may be
implemented using any one of, or any combination of the

following:

[0063] 1. Magnetic sensors or switches

[0064] 2. Optical sensors

[0065] 3. Motion, acceleration or tilt sensors

[0066] 4. Temperature sensors

[0067] 5. Capacitive proximity sensors

[0068] 6. Mechanical switches

[0069] In example implementations, the shelf sensor 210

interacts with the packaging 200 in which the wearable
patch is stored prior to deployment on a patient. When the
wearable patch 200 is in its packaging, the wearable patch
200 is in shelf mode, which means that the shelf sensor 210
operates to preclude a power connection from the energy
source 207 to the sensor control module 201. In some
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implementations, the packaging may be configured to gen-
erate a magnetic field and the shelf sensor 210 may be
implemented using a magnetic sensor to detect the magnetic
field while in its packaging. For example, the packaging may
include an envelope or similar container made of a material
capable of generating a magnetic field. Examples of such a
material include paper, plastic, other similar material
impregnated with magnetic particles. In other examples, a
magnetic material may be formed as a laminate or a layer
attached to the material forming the container of the wear-
able patch 200. The sensor control module 201 may be
configured to prevent the wearable patch 200 from being
activated (i.e. in a power-off state) and thereby consuming
power when the shelf sensor 210 senses the magnetic field
while the wearable patch 200 is enclosed in its packaging.
When the wearable patch 200 is removed from its packaging
for deployment, and the magnetic field is no longer sensed
by the shelf sensor 210, which then switches states to trigger
the power switch 208 to turn power on to the sensor control
module 201.

[0070] In another example implementation, the wearable
patch 200 may be provided with an applicator component
during manufacturing. The applicator component may be an
adhesive backing liner made of paper, plastic, nylon, or other
suitable material that may be removably attached to the
adhesive surface of the wearable patch 200. The adhesive
backing liner is configured so that a user would remove the
adhesive liner during application of the wearable patch 200
on the patient. The adhesive backing liner may be made of
a material containing a magnetic component that generates
a magnetic field. When the magnetic adhesive backing liner
is removed to apply the wearable patch 200 on the patient,
the magnetic field is removed as well so that the shelf sensor
210 (implemented as a magnetic sensor) can no longer
detect the magnetic field. When the magnetic field is no
longer detected, the wearable patch 200 is taken out of shelf
mode and the shelf sensor 210 triggers or enables the power
switch 208 to allow the energy source 207 to power the
sensor control module 201.

[0071] In other example implementations, the packaging
may be opaque to light and the shelf sensor 210 may be an
optical sensor. In one implementation, the wearable patch
200 may be enclosed in a packaging enclosure that is
opaque. When the wearable patch 200 is enclosed in its
packaging, the shelf sensor 210 implemented using an
optical sensor would not detect light and would keep the
wearable patch 200 in the shelf mode precluding the energy
source 207 from powering the sensor control module 201.
When the wearable patch 200 is removed from the packag-
ing, the shelf sensor 210 implemented as an optical sensor
would be exposed to ambient light allowing the shelf sensor
210 to sense the ambient light. The shelf sensor 210 imple-
mented as an optical sensor would then emit an electrical
signal indicating that the wearable patch 200 is no longer in
a shelf mode thereby enabling the delivery of power to the
sensor control module 201.

[0072] In another implementation in which the shelf sen-
sor 210 is implemented using an optical sensor, the wearable
patch 200 may include an opaque applicator component
such as an adhesive backing liner that is used to facilitate
application of the wearable patch 200 to the patient. The
opaque applicator component may cover the shelf sensor
210 (implemented as an optical sensor) while in storage until
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the applicator component is removed from the wearable
patch 200 during deployment of the wearable patch 200.
[0073] Example Implementation of a Wearable Patch
[0074] FIG. 3A is a block diagram of another example
implementation of a wearable patch 300 with a sensor
assembly 302 and a wireless communication interface 306.
The wearable patch 300 in FIG. 3A includes a sensor
assembly comprising an accelerometer 302a, a microphone
302b, a piezoelectric sensor 302¢, and two temperature
sensors (a first temperature sensor 3024 and a second
temperature sensor 302¢). It is noted that FIG. 3A depicts
one example combination of sensors that may be deployed
in the sensor assembly 302. The sensor assembly 302 may
include different combinations of sensors 302 that may
correspond to different applications. Sensor assemblies may
also be provided with multiple sensing modalities that may
be tailored to the needs of different patients.

[0075] It is assumed in the example described below that
the wearable patch communicates to a local hub, which then
communicates data to a remote sensor data processor. In
some example implementations as mentioned above, the
wearable patch may communicate with a remote sensor data
processor without communicating first to a hub, such as by
WiFi, cellular or other communications technologies.
[0076] The sensors 302 in FIG. 3A are connected to
communicate with a processor 304, which may include ADC
functionality and other signal conditioning functions. The
processor 304 converts the electrical signals from each
sensor to sensor data signals for communication via the
communication interface 306.

[0077] The wearable patch 300 in FIG. 3A is one example
implementation of a wearable device for simultaneously
obtaining data from multiple sensory modalities detected
using multiple sensors. The operation of the wearable patch
300 in FIG. 3A is described as follows. Those of ordinary
skill in the art understand the implementation details
described below are provided as examples, and are also able
to identify and use alternatives.

[0078] The example wearable patch 300 in FIG. 3A may
be configured, in accordance with an example processor 304
to capture data from several analog channels and from
devices connected over a serial bus, such as for example, an
inter-integrated circuit (I2C) bus, an SPI bus, or any other
suitable serial interconnection. One channel may be used to
communicate electrical signals representing sound from the
microphone 3025. The remaining channels correspond to the
accelerometer 3024, the two temperature sensors 302d, 302¢
communicating over the I12C bus. A channel may be con-
figured as a charge-amplified channel for piezo sensing by
the piezo sensor 302¢.

[0079] It is noted that the example in FIG. 3A implements
serial bus interconnections, however, parallel interconnec-
tions or buses can be used as well depending on the
requirements of specific implementations.

[0080] Sensor Read Process

[0081] The processor 304 may control the sensor assembly
302 by, for example, controlling the collection of data from
the sensors. Signals from the sensors may be collected for a
predetermined read duration time (such as for example, 5
seconds) on the corresponding channels. Signals from the
temperature sensors may be detected once at the beginning
of the sensor signal measurement period. Audio input from
the microphone 3025 may be sampled by an ADC using, for
example, the ADC function on the processor 304, at a
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selected sample rate (for example, 4 kHz) and at a selected
resolution (for example, 12 bits). Signals from the acceler-
ometer 302a may be collected at a selected accelerometer
sampling rate (for example, 1 kHz) and at a selected
resolution, which may also be 12 bits of resolution. Tt is
noted that one or more of the sensors may be implemented
in modules that pre-process the electrical signals that com-
municate the sensor modality. For example, the accelerom-
eter 302a may include ADC functionality and a communi-
cation interface with the processor 304. In an example
implementation, the communication interface is a serial bus
interface, such as 12C or SPI. Any suitable communication
interface may be used depending on the specific require-
ments of the implementation.

[0082] Itis noted that examples of the wearable patch 300
may be deployed to detect signals from varying sensory
modalities in which signal strength and noise may affect the
capture of the signals to varying degrees. It would be
advantageous to add gain varying capabilities and different
types of filtering to obtain a desirable sensitivity and accu-
racy. The gain of the front end for each analog channel may
be independently programmable via a configuration block,
for example, by selecting among resistors, for example, on
several output ports. Gains of 1x, 5x and 20x may be
pre-installed on switchable input pins. A digital filter may be
implemented to block 60 Hz AC frequency noise from the
microphone, piezo and accelerometer channels. Data may be
captured into RAM in a buffer of a suitable size. Once a
buffer is filled, data capture may continue in the second
buffer, and data in the first buffer may be filtered, delta
compressed, and stored in memory 322 without interrupting
data capture. In an example implementation, the memory
322 may accommodate the storage of sensor data captured
before a connection via the communications interface is
available.

[0083] Data reads may include a timestamp, which may be
provided by the processor 304 when processing the sensor
data for communication.

[0084] Sensor Suite Selection

[0085] Several classes or types of sensors may be used in
the sensor assembly and selected based on their ability to
transduce clinically relevant data. Sensor suites may be
configured in which the sensors are selected for their rel-
evance to specific applications. The wearable patch 300 in
FIG. 3A includes the following sensors to perform the
indicated functions:

[0086] 1. Microphone 3025—the microphone 30256 may
be used to measure the acoustic signature of blood flow
through the fistula in an example implementation in one
example application (e.g. monitoring of an AV fistula). This
is consistent with current clinical practices and most closely
resembles the use of a stethoscope to assess the health of an
AV fistula. Microphone 3025 may be a MEMS microphones,
which typically have silicon nitride or other thin-film mem-
branes, and which are sensed capacitively. Alternatively, the
microphone 3025 may be made of a piezoelectric material,
such as for example, polyvinylidene fluoride (PVDF) or lead
zirconate titanate (PZT). The PVDF material has an acoustic
impedance very similar to biological tissue. A PVDF sensor
that is conformally attached to the skin may allow for
elimination of impedance matching components that add to
the bulk of traditional stethoscopes. The PVDF sensor may
be attached directly on the skin in the area of the fistula using
a biocompatible adhesive with suitable acoustic impedance.
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An example of an adhesive would be a hydrogel adhesive,
which typically has comparable acoustic impedance to bio-
logical tissue and PVDF.

[0087] 2. Accelerometer 302a—the accelerometer 302a
allows for detection of the fistula health and may operate as
an inclinometer (i.e. motion sensing).

[0088] 3. Temperature sensor 3024 and 302¢ are tempera-
ture sensors that are placed at different locations on the
user’s arm and measured differentially. The temperature
sensors 3024 and 302e may be used to infer blood flow in the
fistula.

[0089] 4. Piezoelectric sensor 302¢ may be used as a strain
gauge and may take the form of a stretched piezoelectric
diaphragm or a piezoelectric sensor in compression driven
by a diaphragm and configured to produce an AC acoustic
signal.

[0090] Again, other sensors can be used in place of the
sensors shown in FIG. 3A or different sensors may be added
(e.g. optical sensors such as PPG sensors) to enhance the
diagnostic capabilities of the wearable patch as needed in
specific implementations.

[0091] Power Management/Shelf Mode

[0092] The wearable patch 300 includes a shelf mode
wakeup sensor 310 (described above as the shelf sensor 210
in FIG. 2), which may be implemented as shown in FIG. 3A
using a normally closed magnetic reed switch connected to
a battery 312. The shelf mode wakeup sensor 310 switches
power from the battery 312 to the rest of the system to an off
state when the shelf mode wakeup sensor 310 is in an open
state. The wearable patch 300 may be stored prior to
deployment in packaging that includes a magnetic adhesive
backing liner 314 applied to adhesive on the wearable patch
300. When the magnetic adhesive backing liner 314 is
attached to the wearable patch 300, the shelf mode wakeup
switch 310 is kept in an open state by the magnetic field from
the adhesive backing liner 314 thereby keeping battery
power disconnected from the other components. When the
adhesive backing liner 314 is removed during deployment of
the wearable patch 300 on the patient’s body, the shelf mode
wakeup switch 314 closes, thereby restoring power to the
remaining components on the wearable patch 300. Once
power is present, the wearable patch microcontroller 304
actuates a shelf mode lockout switch 316, which prevents
the shelf mode wakeup switch 314 from returning the device
to shelf mode without an explicit command from the micro-
controller 304 to unlock the shelf mode lockout switch 316.
[0093] The wearable patch 300 in FIG. 3B includes a
power switch 320, which may be implemented using a
nanoboost converter with integrated load switch. In the
illustrated example, the power switch 320 applies battery
voltage to two 3.0 V (for example) buses:

[0094] 1. Vce, which is used to power the processor 304,
and
[0095] 2. Vsec, which is used to power the sensors and a

memory module 322. The power switch 320 may be con-
figured to consume power at nA levels in a quiescent (low
power/low demand) state.

[0096] The wearable patch 300 also includes a wakeup
sensor, which may be implemented using a real-time clock
plus switch (RTC/switch) 318 in an example implementa-
tion. The RTC/switch 318 may be configured to maintain a
timestamp and is configured to power up the processor 304
on a time schedule. The processor 304 provides power to a
secondary bus as needed by the wearable patch 300 appli-
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cation via a digital /O output from the processor 304
configured to drive the power switch 320. Before entering a
sleep mode, the processor 304 deactivates the secondary
bus.

[0097] Between data reads and transmits, the processor
304 may enter a deep sleep mode with the watchdog timer
(wakeup sensor 318) set to wake it on schedule. The boost
converter load switch (power switch 320) may be used to
shut off all power to the memory 322, the accelerometer
302a and the microphone 3025.

[0098] Operation of the Wearable Patch—Modes of
Operation
[0099] FIG. 3B is a flowchart of a wearable device oper-

ating system 330 illustrating operation of an example imple-
mentation of a wearable patch, such as the example wearable
patch 300 described above with reference to FIG. 3A. The
flowchart of the wearable device operating system 330 in
FIG. 3B may be implemented using a state machine or any
other suitable processing scheme.

[0100] The flowchart of the wearable device operating
system 330 in FIG. 3B begins operation in a shelf mode at
step 332. In the shelf mode at step 332, the wearable patch
is not provided with power to its electronic components,
such as the processor, etc. The shelf mode allows for the
wearable patch to be shipped and put “on a shelf” for
long-term storage before deployment without the electronic
devices consuming any power, or at least a substantial
amount of power. In the shelf mode, the wearable patch is in
a powered off state until power is connected to the wearable
patch by actuating a shelf mode wake up sensor 310 (shelf
sensor 210 in FIG. 2). Decision block 331 determines if the
shelf mode has been triggered. In an example implementa-
tion, the shelf mode may be triggered when the shelf mode
wakeup sensor 310 is implemented using a magnetic switch,
and a magnetic field generated by the product packaging is
removed when the wearable patch is removed from the
product packaging. The product packaging providing the
magnetic field may be a product container such as an
envelope, or an adhesive backing liner. Various implemen-
tations of the shelf sensor 210 (in FIG. 2) are described
above with reference to FIG. 2 and may all be used in
decision block 331.

[0101] If the shelf mode is triggered, power is applied to
the electronic devices on the wearable patch. The processor
performs a system boot at step 334, which may involve the
initialization of parameters, registers, memory locations, etc.
as well as of the sensors in the sensor assembly. Once the
system boot at step 334 is complete or nearly complete, the
processor initiates a timer, or a watchdog timer, for example.
The wearable patch operating system may then enter a sleep
mode at step 336. In the sleep mode, the wearable patch may
be in a low power state thereby conserving power while the
wearable patch is not performing any functions other than
the watchdog count. Decision block 333 represents the
wakeup count or the count down (or count up) of the
watchdog timer. At predetermined time intervals based on
the watchdog time, the wearable patch powers up and
performs signal acquisition and processing functions.
[0102] In an example implementation, the wearable patch
may be awakened by either the watchdog timer or the shelf
mode wakeup sensor. Examples of the wearable patch may
include mechanisms that allow a user to manually trigger the
wearable patch to exit the deep sleep mode. Manual exit
from the deep sleep mode may be implemented to allow for
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a data processing system to connect to the wearable patch
via the communication interface 206 (in FIG. 2) to receive
commands to, for example, perform a manual sensor acqui-
sition function, or to transmit sensor data to the data pro-
cessing system, or other functions that may be desired in an
example implementation. A command processor function is
described below.

[0103] When the wakeup timeout occurs (the “YES” path
from the decision block 333), the wearable patch is in a wake
state. Power is applied to the any active sensors, to any
amplifiers, the processor, and other components needed to
perform the functions involved in the wake state. A read
timer may be started at step 338 to provide a time window
during which the wearable patch performs acquisition func-
tions, sensor data processing functions, and transmission of
sensor data to the data processing system, as well as any
other functions that may be desired in a specific implemen-
tation.

[0104] Once the read timer is initiated, the wearable patch
operating system begins the function of acquiring sensor
modalities and processing the sensor data obtained from the
sensor modalities at step 340. Operation of an example
method for acquiring sensor modalities and processing the
sensor data is illustrated in a flowchart for sensor data
processing in step 340 in FIG. 3B. The functions of step 340
may be performed in parallel with other functions that may
be performed by the wearable patch operating system.

[0105] At step 342, sensor modalities represented as elec-
trical signals are acquired from the sensors. At step 344, the
electrical signals may be converted to sensor data signals.
The conversion performed at step 344 may be performed by
the processor using, for example, an ADC function. For
example, the processor may receive analog audio input
signals from the microphone 3025 (in FIG. 3a) and convert
the analog signals to digital samples. The conversion of
electrical signals to sensor data signals may also be per-
formed at least partially by the sensor component. For
example, a sensor such as the accelerometer, temperature
sensor, or any other modular sensor component, for
example, may be provided with ADC functions as well as an
appropriate bus interface that permits digital communication
with the processor. The processor may then perform any
signal conditioning functions, such as filtering or other
signal processing functions before storing the sensor data
signals for later transmission to the data processing system
at step 346.

[0106] At step 348, the sensor data processing step 340
may be complete and the operating system may be perform-
ing other functions or waiting for the read timer to timeout.
One of these functions, at step 350 is to connect to the data
processing system. In example implementations, the con-
nection to the data processing system is a wireless connec-
tion using for example, Bluetooth BLE™ or another suitable
protocol. The connection to the data processing system may
permit the wearable patch operating system to execute a
command processor at step 352 in which the data processing
system transmits commands to the wearable patch to per-
form. Such commands may be a manually initiated sensor
acquisition function or other functions related to diagnostics,
system configuration, manually initiated data transmission
of the contents of the memory, manually changing the mode
or state of the wearable patch, or other functions as desired
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in a specific implementation. During the connection to the
data processing system, the stored sensor data is transmitted
at step 354.

[0107] It is noted that the duty cycle involved for the
applications that may be performed by the wearable patch
are sufficiently short so that the operation time of the
wearable patch is far shorter than the sleep time (at low
power). In some example implementations, the sleep time
may be as long as one to three hours while the operation time
may be as short as five seconds.

[0108] Itisalso noted that the flowchart depicts steps to be
performed by the wearable patch operating system generally
in the order in which they’d be performed in an example
implementation. Some steps or functions may be performed
in parallel or in a multi-tasking environment depending on
what is desired for the specific implementation. For
example, in some implementations, the sensor modality
acquisition step 340 and connection to the data processing
system step 350 need not be performed in any specific order,
or in every read timer cycle. For example, the connection to
the data processing system step 350 may be performed at
each read timer cycle, while the sensor modality acquisition
step 340 may be performed once every two, three, or other
number of read timer cycles. That is, a short read timer cycle
may be defined for the connection to the data processing
system step 350 and a longer cycle may be defined for the
sensor modality acquisition step 340. In addition, during
each connection to the data processing system step 350, the
wearable patch may be programmed to communicate adver-
tising messages to the data processing system for display on
amonitor or other suitable display output device and to enter
into the command processor step 352 to operate under the
control of the data processing system.

[0109] Decision block 337 determines if the read timer has
timed out. If the read timer has timed out, control returns to
the sleep mode at step 336 (the “YES” path of decision block
337). Otherwise, the system waits for the read timer to
timeout (the “NO” path of decision block 337).

[0110] FIG. 3C is a block diagram of the processor 304
that may be used in the example of the wearable patch 300
shown in FIG. 3A. The processor 304 in FIG. 3C includes
a microcontroller function 350, an ADC function 352, an
analog signal conditioning function 354 to interface with the
sensors 302, a BLE interface 356, a connection to an
oscillator 358, a FLASH/RAM memory 360, and a connec-
tion to a battery 312, which may include a connection to a
charger 370 with an interface 372 to a charger source.
[0111] The microcontroller 350 may be of a type that may
be programmed to perform, or may include signal process-
ing functions. In some implementations, the microcontroller
350 may be programmed to collect raw data for further
processing by a hub element, or by a remote data processing
system. The processor 304 in FIG. 3C illustrates one
example of the types of interfaces and features that may be
included to perform processing functions on the wearable
patch 300. Other processors 304 may include more or fewer
features and functions. The processor 304 in FIG. 3C uses a
BLE standard communications interface, but other suitable
communications interfaces may be used. Some functions of
the analog signal conditioning functions 354 are described
above with reference to FIG. 3A. Other analog signal
conditioning functions may be on other selected processors,
which may be selected according to the type of sensors 302
included in the sensor assembly.
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[0112] In an example implementation, the processor 304
may be implemented using a Cypress PSOC BLE module,
which is based on a Cortex MO ARM core (MCU 350),
contains 256 MB FLASH, 32 KB RAM and supports BLE
4.2. As emphasized above, a specific processing element to
use as the processor 304 will depend on the specific require-
ments of specific implementations.

[0113] FIG. 3D is a block diagram of an example imple-
mentation of another wearable patch 380. The wearable
patch 380 in FIG. 3D is illustrated as an example of the
wearable patch 200 in FIG. 2. The wearable patch 380
includes a power module 382, which includes a battery 383,
a shelf sensor 384, a power switch 385, and a wakeup sensor
386. The power module 382 may be implemented as
described for the power module 203 in FIG. 2. The battery
383, the shelf sensor 384, the power switch 385 and the
wakeup sensor 386 may be implemented as described for
their corresponding components with reference to both FIG.
2 and FIG. 3A. Similarly, the wearable patch 380 in FIG. 3D
includes a processor 304, a communication interface 306,
and memory 390, which may operate as described for the
processor 304, the communication interface 306, and
memory 322 in FIG. 3A as well as the corresponding
components described more generally with reference to FIG.
2.

[0114] The wearable patch 380 in FIG. 3D includes a
sensor assembly 388 that includes a motion sensor 388A
(which may be implemented as an accelerometer), a Pho-
toplethysmogram (PPG) sensor 388B, and an acoustic sen-
sor 388C (which may be implemented using a microphone
or a piezo sensor as described above with reference to FIGS.
2 and 3A). The PPG sensor 388B is used to obtain a
plethysmogram (PPG), which is a volumetric measurement
of an organ, using an optical interface. The PPG sensor 388B
includes one or more light sources, which direct light into
the skin on which the wearable patch 380 is mounted, and
a light sensor, which detects light reflected from the tissue
that receives the light. The PPG sensor 388B is similar to a
pulse oximeter, which measures changes in light absorption
by the skin. In this manner, the PPG sensor 388B monitors
multiple parameters related to the blood content below the
skin on which the wearable patch 380 is mounted. When an
example implementation of the patch 380 in FIG. 3 is
applied over an area of skin with an arteriovenous access
directly below the patch 380, these parameters include but
are not limited to: volumetric blood flow rate, hematocrit,
oxygen saturation, change in blood volume, and total blood
volume.

[0115] Fach cardiac cycle of the heart pumps blood to the
periphery and is detectable as a pressure pulse. The changes
in volume caused by the pressure pulses is detected by
illuminating the skin with light from, for example, an LED
on the PPG sensor 388B and then measuring the amount of
light reflected to a photodiode on the PPG sensor 388B. The
PPG obtained from the PPG sensor 388B includes peaks
representing each cardiac cycle. Because blood flow to the
skin can be modulated by multiple other physiological
systems, the PPG can also be used to monitor breathing,
hypovolemia, and other circulatory conditions, such as for
example a level of stenosis of a vessel.

[0116] In some example implementations, the motion sen-
sor 388A, the PPG sensor 388B and the acoustic sensor
388C can be utilized in conjunction with one another to
provide monitoring of additional physiological parameters
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that would not be measurable by the motion sensor 388A,
the PPG sensor 388B and the acoustic sensor 388C indi-
vidually. For example, if the wearable patch is worn over an
area of tissue which has an arteriovenous access directly
below it, the motion sensor 388A, if implemented as a 3-axis
accelerometer, can also be utilized in conjunction with the
PPG sensor 388B to monitor and calculate a patient’s blood
pressure. PPG sensors have been utilized to estimate blood
pressure, however, many of them suffer from inaccuracy due
to the lack of a reliable mechanical measure of vessel
compliance. A 3-axis accelerometer is able to measure vessel
compliance and acceleration directly and simultaneously
with the PPG sensor because it will be able to measure
acceleration in the X, y and z directions separately. Thus, the
combination of a 3-axis accelerometer with a PPG offers an
accurate assessment of both the blood volume and the
acceleration of the vessel wall caused by blood flow. This
vields the necessary components for calculating a blood
pressure since the multiplication of the z-axis acceleration
(based on measurements using the motion sensor 388A) and
mass of blood (calculated from the volume measured by the
PPG sensor 388B) will equal the force applied by the blood
to the vessel wall. Once this is known, dividing this value by
the area of the vessel wall which is measured by the PPG
sensor 388B will yield a blood pressure value.

[0117] The values measured by the individual sensors and
through combinations of readings from the individual sen-
sors may allow for more complete management of patient’s
health. The wearable patch 380 from FIG. 3D, when applied
to a patient with an arteriovenous access undergoing hemo-
dialysis could be utilized to provide complete management
of the patient’s access and cardiovascular health. The com-
bination of measurements described in the above example
implementations (blood volume, volumetric flow rate,
hematocrit, oxygen saturation, vessel stenosis, and blood
pressure) can be utilized to manage a patient’s fluid status,
dry weight, and dialysis dose.

[0118] In some example implementations the motion sen-
sor 388A, the PPG sensor 388B, and the acoustic 388C can
be used in conjunction with one another to enthance accuracy
of measurement. For example, the motion sensor 388 A may
be used to identify any motion artifacts in the output of the
PPG sensor 388B. The acoustic sensor 388C may be used to
obtain acoustic information that would identify turbulent
flow that would affect the signal obtained by the PPG sensor.

[0119] The wearable patch 380 is described to provide an
example of another sensor assembly. In a sense, all sensors
that may be added to a sensor assembly are optional and are
selected for inclusion in a sensor assembly based on the
application for which the wearable patch is to be used and
the desired functional and performance characteristics for
the specific wearable patch.

[0120] FIG. 4A is a perspective bottom view of an
example of a wearable patch 400. FIG. 4B is a top view of
an example of a wearable patch 450 attached to a patient’s
arm. The wearable patch 400 or 450 in FIGS. 4A and 4B is
intended to be worn over a fistula and configured to com-
municate to a nearby sensor data processing system, which
may include a local hub for forwarding data to a backend, or
remote sensor data processor. In the examples described
above, the wearable patch 400 or 450 communicates using
a BLE interface, although other suitable interfaces may be
used.
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[0121] The wearable patch may be formed with 1 or 2
parts. FIG. 4A depicts an example wearable patch 400
formed in 2 parts, a first part 402 and a second part 404.
[0122] Ifthe wearable patch is in 1 part, then the adhesive
may be a replaceable component and the device may be
configured as a patch substrate to house electronics compo-
nents, while still enabling adequate coupling of the sensor(s)
to the skin for conformal attachment.

[0123] If the wearable patch is formed in 2 parts, the part
connected to the skin would be the patch substrate imple-
mented as a flexible adhesive layer supporting the sensor
assembly and optionally any of the other electronic compo-
nents of the wearable patch. Optionally, the patch substrate
supports the sensor assembly and the second part includes
encapsulated electronics (i.e. the processor, signal conver-
sion, and communications interface). The mechanical fea-
tures on both parts that connect the two parts may also
include electrical connectors that would enable communi-
cation between the sensor assembly and the electronics
(processor, signal conversion, communications interface,
etc.). The mechanical features of the sensor/adhesive part
would be flexible to enable conformal attachment of the
sensor assembly and adhesive to the skin, while still allow-
ing for secure mating with the rigid, encapsulated electron-
ics. The overall size of the wearable patch, including the
height, may be an important factor that affects comfort. The
wearable patch may be powered by a battery, which would
likely be the largest component.

[0124] Method for Monitoring a Patient

[0125] Determining either a thrombosis alert or level of
stenosis requires a few steps of signal processing to get data
from the sensor digitized and analyzed. The above descrip-
tions with reference to FIGS. 2 and 3A-3D of example
implementations of a wearable patch includes a description
of how data may be extracted from the sensors and pro-
cessed for transmission to a data processing system. FIGS.
5 and 6 illustrate example implementations of the signal
conversion functions of the wearable patch and how the
wearable patch may communicate sensor data to a data
processing system.

[0126] FIG. 5 is a flowchart illustrating operation of an
example of a method 500 for obtaining and processing data
from a sensor assembly. The method in FIG. 5 includes
signal conversion functions that may be incorporated in
example implementations of the operating system and sen-
sor data acquisition methods described above with reference
to FIG. 3B.

[0127] The method 500 in FIG. 5§ may be performed using
any suitable sensor assembly with access to signal conver-
sion functions, which may be implemented using modular
sensors with signal conversion functions included (e.g. the
accelerometer 3024 described above with reference to FIG.
3A), a processor that uses a real time clock timer, an ADC
function and signal processing capabilities including for
example, Fast Fourier Transform (FFT) tools, digital filter-
ing functions, and signal detection algorithms.

[0128] The method 500 illustrated in FIG. 5 begins at step
502 in which the processor is in a sleep mode, and a
real-time clock (RTC) timer is set to wake the processor
periodically. An example of this process is described above
with reference to FIG. 3B. The processor enables the analog
front end (AFE) and the ADC function at step 504. The AFE
refers to an interface to sensors in the sensor assembly that
communicate analog signals to the processor. When enabled,
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the sensors begin to receive sensory modalities. The sensors
convert the sensory modalities to electrical signals, which
are then sampled by either the ADC function on the pro-
cessor at, for example, 4k samples/sec for 5 seconds, or by
a signal conversion function incorporated on the sensor
component, as indicated in step 506. Digital samples gen-
erated by signal conversion functions on the sensors are
communicated to the processor on a bus, such as a serial bus
(e.g. I2C bus, SPI bus, etc.) or a parallel bus.

[0129] The digital samples representing the electrical sig-
nals from the sensors may be processed using digital signal
processing functions, such as for example, Fast Fourier
Transform (FFT) or a filtering detection algorithm or other
suitable functions, as deemed useful for each signal, as
indicated in step 508. At step 510, the communications
interface 1s awakened for transmission of the sensor data.
The processor generates the sensor data signal from the
digital signal processing functions and formats the sensor
data according to a selected communication protocol. The
sensor data signal is then transmitted at step 512 via the
communication interface.

[0130] The wearable patch may transmit results wirelessly
after the sensing operation. In an example implementation,
Bluetooth Smart™ is a low power radio technology that may
be used to communicate to a relay or local hub. The local
hub transfers the results to a backend system, such as the
remote sensor data processor in the network. Storage and
further processing of the sensor data may be performed on
the remote sensor data processor, which may be imple-
mented on a remote server. A front-end interface may be
configured to communicate alerts to a clinician.

[0131] FIG. 6 is a block diagram of an example system
architecture for a system for monitoring a patient wearing a
wearable patch. The system in FIG. 6 includes a patch 602
connected to a local hub 604 via a BLE connection 603. Any
other suitable local communication protocol may be used as
well as discussed above. The local hub 604 is connected to
a carrier network 606 using a cellular link 605. The carrier
network 606 in the illustrated example is a cellular data
system, but may be any other suitable network infrastruc-
ture, such as the Internet where connection to the Internet is
achieved using a WiFi system, a hardwired Ethernet con-
nection, or any other infrastructure that may be used for
communicating remotely. In the example in FIG. 6, the
carrier network 606 connects the home hub 604 over the
Internet to an Amazon Web Service (AWS). The AWS is a
cloud-based computing service. Other cloud-based services
are available from Microsoft, Oracle and other, and may be
used as well.

[0132] Itis noted that some example implementations may
not include the local hub 604. The patch 602 may be
implemented with the capability to communicate sensor data
directly over the Internet to a cloud service, for example, or
other systems for processing the sensor data.

[0133] Determining a Level of Stenosis

[0134] Examples of a wearable patch may be used as part
of a system to monitor and alert for thrombosis development
or clinically actionable levels of stenosis in a vessel such as
an AV fistula or graft. Alerts may be triggered by the system
and lead to a clinical pathway whereby the patient is
examined by a care provider and put through a diagnostic
pathway including but not limited to duplex ultrasound,
fistulogram and/or arteriograms. The results of the diagnos-
tic studies combined with the monitoring result from the
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patch could lead to a corrective intervention such as a drug
prescription, thrombectomy or angioplasty to clear the
blocked fistula. In some cases, the diagnostic process may
lead to another surgery for the patient to place a new fistula,
HERO graft or central venous catheter.

[0135] The wearable patch may be worn to enable an AV
fistula or Graft to reach maturation, or to help lengthen the
lifetime of an AV fistula or graft. The wearable patch may be
worn by the patient and communicate data and alerts mul-
tiple times in a given day. The patient may remove the
electronics from the patch (if the device is constructed as a
two-part patch) periodically, or replace disposable compo-
nents of the patch (e.g. adhesive) depending upon the
specific protocol.

[0136] During a clinician or home visit, the wearable
patch may be removed and charged to replenish the battery.
In the case of an AV fistula patient, the battery-charging may
be performed during the dialysis session.

[0137] Standard clinical protocols typically require a
check of the patency of an AV fistula or graft during a
physical examination on routine visits to a clinician. The
clinician can “feel the thrill” of flow through the access, and
also listen for the bruit using a conventional stethoscope. A
change of the character of the bruit to a higher pitch can
indicate the presence of stenosis or thrombosis. Various
methods may be used to quantify the stenosis using the
digital output of a stethoscope, or to determine if a throm-
bosis has formed. One example is to use a break frequency
to estimate the internal diameter of the carotid artery in
patients. This technique is referred to as phonoangiography.
The break frequency may be determined a number of ways.
A frequency power spectrum may be calculated for an
acoustic sensor output and used to identify the highest
frequency after which the power drops off significantly. A
higher break frequency is correlated with a narrower vessel,
and thus a higher level of stenosis. Break frequency values
typically fall between 10 and 1000 hz., where a value closer
to 1000 would indicate a significant degree of stenosis
(>50%). In AV fistulas, metrics such as the break frequency
may be utilized to determine either thrombosis or stenosis.

[0138] A key difference may exist for the utilization of
break frequency for AV fistulas as opposed to a carotid
artery. In the carotid artery, a bruit is indicative of unhealthy
flow, while in the AV fistula a bruit is indicative of healthy
flow. Thus, the correlation in AV fistula may be reversed
from those found in the carotid artery, with a lower level of
bruit (i.e. a lower break frequency) indicating a higher
degree of stenosis or potentially even thrombosis. Additional
analytic methods are possible for AV fistulas/grafts such as
using autoregression to calculate the power spectral density.
The advantage of such a method is that it may be more
effective at quantifying stenosis levels at lower flow rates. A
combination of different analytical methods would likely be
beneficial to determine the level of stenosis or if a potential
thrombosis has occurred in an AV access.

[0139] The wearable stethoscope patch would enable this
analysis by detecting these signals and automatically trans-
mitting them for analysis over the course of a patient’s life
and treatment.
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EXAMPLE IMPLEMENTATIONS LIST

[0140] The disclosure presented herein may be considered
in view of the following example embodiments:

Example 1

[0141] A wearable patch for sensing information relating
to subcutaneous processes in a patient, the wearable patch
comprising: a patch substrate configured to attach to a body
part of a patient; a sensor assembly mounted on the patch
substrate, the sensor assembly comprising a plurality of
sensors configured to detect a corresponding plurality of
sensory modalities and generate electrical signals represent-
ing the sensory modalities; a signal converter configured to
receive the electrical signals from the plurality of sensors
and to convert the signals to sensor data signals comprising
a data representation of at least one of the electrical signals;
a communications interface configured to communicate the
sensor data signals to a sensor data processing system.

Example 2

[0142] The wearable patch of Example 1 where the sensor
assembly includes any of an acoustic sensor, an accelerom-
eter, a temperature sensor, a strain gauge, an optical sensor,
a photoplethysmogram (PPG) sensor, a moisture sensor, a
conductivity sensor, a pressure sensor, or a chemical sensor.

Example 3

[0143] The wearable patch of any of Examples 1 or 2
where the sensor assembly includes an ultrasonic transducer
and an ultrasonic sensor.

Example 4

[0144] The wearable patch of any of Examples 1 to 3
where the sensor assembly includes two temperature sensors
configured to provide a differential temperature measure-
ment.

Example 5

[0145] The wearable patch of any of Examples 1 to 4
where the sensor assembly includes an acoustic sensor and
an accelerometer.

Example 6

[0146] The wearable patch of Example 5 where the acous-
tic sensor is a piezoelectric device.

Example 7

[0147] The wearable patch of Example 6 where the piezo-
electric device is made of a material selected from any of
polyvinylidene fluoride, lead zirconate, a composite includ-
ing either PVDF or PZT materials.

Example 8

[0148] The wearable patch of Example 5 where the acous-
tic sensor is a microphone.

Example 9

[0149] The wearable patch of any of Examples 1 to 8
where the communication interface includes a wireless
transmitter to transmit the sensor data signals to the sensor
data processing system.
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Example 10

[0150] The wearable patch of Example 9 where the wire-
less transmitter communicates radio frequency (RF) signals.

Example 11

[0151] The wearable patch of Example 10 where the radio
frequency signals are communicated using a near field
communication protocol.

Example 12

[0152] The wearable patch of Example 10 where the radio
frequency signals are communicated using the Bluetooth
Low Energy (BLE) protocol.

Example 13

[0153] The wearable patch of Example 10 where the
wireless transmitter communicates using a cellular commu-
nications system.

Example 14

[0154] The wearable patch of Example 10 where the
wireless transmitter communicates using a WiFi system or a
near field magnetic communication system.

Example 15

[0155] The wearable patch of any of Examples 1 to 14
where the sensor assembly, signal converter, or communi-
cations interface operate using a power source on the
wearable device, and the wearable patch is configured to
operate in a shelf mode for low power operation of the
sensor assembly, signal converter, or communications inter-
face.

Example 16

[0156] The wearable patch of Example 15 where when the
wearable patch enters the shelf mode, power is disconnected
to the sensor assembly, the signal converter, and the com-
munications interface.

Example 17

[0157] The wearable patch of Example 15 where when the
wearable patch enters the shelf mode, the sensor assembly,
signal converter, and communications interface operate at a
reduced power.

Example 18

[0158] The wearable patch of Example 15 further com-
prising a shelf mode wakeup switch configured to maintain
the wearable patch in the shelf mode until the shelf mode
wakeup switch changes state triggered by deployment of the
wearable device.

Example 19

[0159] The wearable patch of Example 18 where the shelf
mode wakeup switch is any one of the following: a magnetic
switch, a magnetic sensor, an optical sensor, a motion,
acceleration or tilt sensor, a temperature sensor, a capacitive
proximity sensor, and a mechanical switch.
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Example 20

[0160] The wearable patch of Example 18 where the shelf
mode wakeup sensor is configured to switch states to trigger
an exit of the shelf mode by removal of product packaging
when the wearable patch is being deployed for attachment to
the patient.

Example 21

[0161] The wearable patch of Example 20 where the
wearable patch includes an applicator component configured
to generate a magnetic field, and the shelf mode wakeup
sensor is a magnetic switch maintained in a first state
corresponding to the shelf mode when in proximity to the
applicator component sufficient to detect the magnetic field,
where the magnetic switch is triggered to exit the shelf mode
by separation of the wearable patch from the applicator
component during deployment of the wearable patch for
attachment to the patient so that the magnetic switch is not
in sufficient proximity to the magnetic field to detect the
magnetic field.

Example 22

[0162] The wearable patch of Example 21 where the
applicator component is an adhesive backing liner having a
magnetic component.

Example 23

[0163] The wearable patch of Example 20 where the shelf
mode wakeup sensor is an optical sensor precluded from
sensing light by the product packaging, where the optical
sensor maintains the wearable patch in the shelf mode when
precluded from sensing light and to exit the shelf mode and
permit power to the wearable patch when able to sense light
when separated from the product packaging.

Example 24

[0164] The wearable patch of Example 23 where the
product packaging is a product container package suffi-
ciently opaque to preclude the optical sensor from detecting

light.
Example 25

[0165] The wearable patch of Example 23 where the
product packaging is an opaque adhesive backing liner
abutting the optical sensor while packaged to preclude the
optical sensor from detecting light.

Example 26

[0166] A system for monitoring a patient comprising: a
wearable patch configured to attach to a body part of a
patient, the wearable patch comprising: a sensor assembly
comprising a plurality of sensors configured to detect a
corresponding plurality of sensory modalities and generate
electrical signals representing the sensory modalities; a
signal converter configured to receive the electrical signals
from the plurality of sensors and to convert the signals to
sensor data signals comprising a data representation of at
least one of the electrical signals; and a communications
interface configured to communicate the sensor data signals;
and a sensor data processing system configured to receive
sensor data signals from the wearable patch.
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Example 27

[0167] The system of Example 26 where the sensor data
processing system comprises: a local hub configured to
wirelessly receive the sensor data signals from the wearable
patch using a first protocol, and to transmit the sensor data
signals using a second protocol, a remote sensor data
processor configured to receive the sensor data signals using
the second protocol and to process the sensor data signals to
monitor and alert for thrombosis development or clinically
actionable levels of stenosis in a vessel.

Example 28

[0168] The system of Example 27 where: the first protocol
is a short range wireless communication protocol.

Example 29

[0169] The system of Example 28 where the short range
wireless communication protocol is a wireless protocol
including the Bluetooth™ protocol, a near field communi-
cation protocol, a WiFi protocol, or a near field magnetic
protocol.

Example 30

[0170] The system of Example 27 where: the second
protocol is long range wireless protocol including any of a
cellular protocol or an Internet protocol.

Example 31

[0171] The system of Example 26 the sensor data pro-
cessing system includes a processor and a storage medium
storing computer-executable instructions that when
executed are operable to: perform phonoangiography using
a break frequency to estimate an internal diameter of a
carotid artery for the patient.

Example 32

[0172] The system of Example 26 where the storage
medium stores computer-executable instructions that when
executed are operable to: determine the break frequency by
calculating a frequency power spectrum for a sound mea-
surement and identifying a highest frequency after which a
power level drops significantly.

Example 33

[0173] A method for monitoring subcutaneous processes
in a patient comprising: sensing a plurality of sensory
modalities using a sensor assembly comprising a plurality of
sensors mounted on a wearable patch, where the sensory
modalities are received as electrical signals representing the
sensory modalities; converting the electrical signals to a
plurality of corresponding sensor data signals; and transmit-
ting the sensor data signals to a sensor data processing
system.

Example 34

[0174] The method of Example 33 where the step of
sensing the plurality of sensory modalities includes any of:
sensing sound using an acoustic sensor; sensing movement
or orientation of a patient body part using an accelerometer;
sensing temperature using a temperature sensor; sensing a
stretch or compression of the wearable patch using a strain
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gauge; sensing electromagnetic signals using an optical
sensor; sensing moisture using a moisture sensor sensing
conductivity using a conductivity sensor; sensing pressure
using a pressure sensor; sensing oxygenation or flow volume
using an optical sensor or a photoplethysmograph; and
sensing a chemical using a chemical sensor

Example 35

[0175] The method of any of Examples 33 and 34 where
the step of sensing the plurality of sensory modalities
includes sensing a differential measurement of skin tem-
perature from two temperature sensors.

Example 36

[0176] The method of any of Examples 33 to 35 where the
step of transmitting the sensor data signals to the sensor data
processing system comprises: transmitting the sensor data
signals to a local hub in substantially close proximity to the
wearable patch, where the local hub transmits the sensor
data signal to a remote sensor data processor for processing
of the sensor data signals.

Example 37

[0177] The method of any of Examples 33 to 36 where the
wearable patch includes a power source, a processor, com-
ponents for performing the steps of the method, and a shelf
mode wakeup switch, the method further comprising: enter-
ing a shelf mode where the power source is not connected to
the sensor assembly, the processor, or the components for
performing the steps of the method when the shelf mode
wakeup switch in a first state; and exiting the shelf mode to
connect the power source to the sensor assembly, the pro-
cessor, and components for performing the steps of the
method when the shelf mode wakeup switch switches to a
second state.

Example 38

[0178] The method of Example 37 where: in the step of
entering the shelf mode, the wearable patch is enclosed in
product packaging prior to deployment configured to inter-
act with the shelf mode wakeup sensor to maintain the shelf
mode wakeup sensor in the first state; and in the step of
exiting the shelf mode, removal of the wearable patch from
the product packaging triggers the shelf mode wakeup
sensor to switch to the second state.

[0179] It will be understood that one or more of the
processes, sub-processes, and process steps described herein
may be performed by hardware, firmware, software, or a
combination of two or more of the foregoing, on one or more
electronic or digitally-controlled devices. The software may
reside in a software memory (not shown) in a suitable
electronic processing component or system such as, for
example, the processor. The software memory may include
an ordered listing of executable instructions for implement-
ing logical functions (that is, “logic” that may be imple-
mented in digital form such as digital circuitry or source
code, or in analog form such as an analog source such as an
analog electrical, sound, or video signal). The instructions
may be executed within a processing module, which
includes, for example, one or more microprocessors, general
purpose processors, combinations of processors, digital sig-
nal processors (DSPs), application specific integrated cir-
cuits (ASICs), field-programmable gate array (FPGAs), etc.
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Further, the schematic diagrams describe a logical division
of functions having physical (hardware and/or software)
implementations that are not limited by architecture or the
physical layout of the functions. The examples of systems
described herein may be implemented in a variety of con-
figurations and operate as hardware/software components in
a single hardware/software unit, or in separate hardware/
software units.

[0180] The executable instructions may be implemented
as a computer program product having instructions stored
therein which, when executed by a processing module of an
electronic system, direct the electronic system to carry out
the instructions. The computer program product may be
selectively embodied in any non-transitory computer-read-
able storage medium for use by or in connection with an
instruction execution system, apparatus, or device, such as
an electronic computer-based system, processor-containing
system, or other system that may selectively fetch the
instructions from the instruction execution system, appara-
tus, or device and execute the instructions. In the context of
this disclosure, a computer-readable storage medium is any
non-transitory means that may store the program for use by
or in connection with the instruction execution system,
apparatus, or device. The non-transitory computer-readable
storage medium may selectively be, for example, an elec-
tronic, magnetic, optical, electromagnetic, infrared, or semi-
conductor system, apparatus, or device. A non-exhaustive
list of more specific examples of non-transitory computer
readable media include: an electrical connection having one
or more wires (electronic); a portable computer diskette
(magnetic); a random access memory (electronic); a read-
only memory (electronic); an erasable programmable read
only memory such as, for example, flash memory (elec-
tronic); a compact disc memory such as, for example,
CD-ROM, CD-R, CD-RW (optical); and digital versatile
disc memory, i.e., DVD (optical). Note that the non-transi-
tory computer-readable storage medium may even be paper
or another suitable medium upon which the program is
printed, as the program may be electronically captured via,
for instance, optical scanning of the paper or other medium,
then compiled, interpreted, or otherwise processed in a
suitable manner if necessary, and then stored in a computer
memory or machine memory.

[0181] It will also be understood that the term “in signal
communication” or “in electrical communication” as used
herein means that two or more systems, devices, compo-
nents, modules, or sub-modules are capable of communi-
cating with each other via signals that travel over some type
of signal path. The signals may be communication, power,
data, or energy signals, which may communicate informa-
tion, power, or energy from a first system, device, compo-
nent, module, or sub-module to a second system, device,
component, module, or sub-module along a signal path
between the first and second system, device, component,
module, or sub-module. The signal paths may include physi-
cal, electrical, magnetic, electromagnetic, electrochemical,
optical, wired, or wireless connections. The signal paths may
also include additional systems, devices, components, mod-
ules, or sub-modules between the first and second system,
device, component, module, or sub-module.

[0182] More generally, terms such as “communicate” and
“in. .. communication with” (for example, a first component
“communicates with” or “is in communication with” a

second component) are used herein to indicate a structural,
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functional, mechanical, electrical, signal, optical, magnetic,
electromagnetic, ionic or fluidic relationship between two or
more components or elements. As such, the fact that one
component is said to communicate with a second compornent
is not intended to exclude the possibility that additional
components may be present between, and/or operatively
associated or engaged with, the first and second components.

[0183] Itwill be understood that various aspects or details
of the invention may be changed without departing from the
scope of the invention. Furthermore, the foregoing descrip-
tion is for the purpose of illustration only, and not for the
purpose of limitation—the invention being defined by the
claims.

What is claimed is:

1. A wearable patch for sensing information relating to
subcutaneous processes in a patient, the wearable patch
comprising:

a patch substrate configured to attach to a body part of a

patient;

a sensor assembly mounted on the patch substrate, the
sensor assembly comprising a plurality of sensors con-
figured to detect a corresponding plurality of sensory
modalities and generate electrical signals representing
the sensory modalities;

a signal converter configured to receive the electrical
signals from the plurality of sensors and to convert the
signals to sensor data signals comprising a data repre-
sentation of at least one of the electrical signals;

a communications interface configured to communicate
the sensor data signals to a sensor data processing
system.

2. The wearable patch of claim 1 where the sensor
assembly includes any of an acoustic sensor, an inertial
sensor, an accelerometer, a gyroscope, an angular acceler-
ometer, a temperature sensor, a strain gauge, an optical
sensor, a photoplethysmogram (PPG) sensor, a moisture
sensor, a conductivity sensor, a pressure sensor, a chemical
sensor or any combination thereof.

3. The wearable patch of claim 1 where the communica-
tion interface includes a wireless transmitter to transmit the
sensor data signals to the sensor data processing system.

4. The wearable patch of claim 3 where the wireless
transmitter communicates using either a near field commu-
nication protocol or the Bluetooth™ Low Energy (BLE)
protocol to communicate the sensor data signals to a local
hub.

5. The wearable patch of claim 3 where the wireless
transmitter communicates using either a cellular communi-
cations system or a WiFi system to communicate the sensor
data signals over a data network.

6. The wearable patch of claim 1 where the sensor
assembly, signal converter, or communications interface
operate using a power source on the wearable patch, and the
wearable patch is configured to operate in a shelf mode for
reduced power operation of the sensor assembly, signal
converter, or communications interface,

7. The wearable patch of claim 6 further comprising a
shelf mode wakeup switch configured to maintain the wear-
able patch in the shelf mode until the shelf mode wakeup
switch changes state triggered by deployment of the wear-
able device.
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8. The wearable patch of claim 7 where the shelf mode
wakeup switch is any one of the following:

a magnetic switch,

a magnetic sensor,

an optical sensor,

a motion, acceleration or tilt sensor,

a temperature sensor,

a capacitive proximity sensor, and

a mechanical switch.

9. The wearable patch of claim 7 where the shelf mode
wakeup sensor is configured to switch states to trigger an
exit of the shelf mode by removal of product packaging
when the wearable patch is being deployed for attachment to
the patient.

10. The wearable patch of claim 9 where the wearable
patch includes an applicator component configured to gen-
erate a magnetic field, and the shelf mode wakeup sensor is
a magnetic switch maintained in a first state corresponding
to the shelf mode when in proximity to the applicator
component sufficient to detect the magnetic field, where the
magnetic switch is triggered to exit the shelf mode by
separation of the wearable patch from the applicator com-
ponent during deployment of the wearable patch for attach-

15
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ment to the patient so that the magnetic switch is not in
sufficient proximity to the magnetic field to detect the
magnetic field.

11. The wearable patch of claim 10 where the applicator
component is an adhesive backing liner having a magnetic
component.

12. The wearable patch of claim 9 where the shelf mode
wakeup sensor is an optical sensor precluded from sensing
light by the product packaging, where the optical sensor
maintains the wearable patch in the shelf mode when
precluded from sensing light and to exit the shelf mode and
permit power to the wearable patch when able to sense light
when separated from the product packaging.

13. The wearable patch of claim 12 where the product
packaging is a product container package sufficiently opaque
to preclude the optical sensor from detecting light.

14. The wearable patch of claim 13 where the product
packaging is an opaque adhesive backing liner abutting the
optical sensor while packaged to preclude the optical sensor
from detecting light.

15. The wearable patch of claim 1 further comprising a
memory device for storing the sensor data signals when
sensor data signals are received and a connection via the
communications interface is not available.

I S T T
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