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CONFORMAL SENSOR SYSTEMS FOR
SENSING AND ANALYSIS OF CARDIAC
ACTIVITY

CLAIM OF PRIORITY TO RELATED PATENT
APPLICATIONS

[0001] This application claims the benefit of priority to
U.S. Provisional Patent Application No. 61/907,973. filed on
Nov. 22, 2013, and U.S. Provisional Patent Application No.
61/907,991, filed on Nov. 22, 2013, both of which are
incorporated herein by reference in their respective entireties
and for all purposes.

TECHNICAL FIELD

[0002] The present disclosure relates generally to inte-
grated circuits (IC) and IC sensor systems. More particu-
larly, aspects of this disclosure relate to systems, methods
and devices utilizing flexible and stretchable electronics for
sensing and analysis.

BACKGROUND

[0003] Integrated circuits (IC) are the cornerstone of the
information age and the foundation of today’s information
technology industries. The integrated circuit, a.k.a. “micro-
chip,” is a set of interconnected electronic components, such
as transistors, capacitors, and resistors, which are etched or
imprinted onto a tiny wafer of semiconducting material,
such as silicon or germanium. Integrated circuits take on
various forms including, as some non-limiting examples,
microprocessors, amplifiers, Flash memories, application
specific integrated circuits (ASICs), static random access
memories (SRAMs), digital signal processors (DSPs),
dynamic random access memories (DRAMs), erasable pro-
grammable read only memories (EPROMs), and program-
mable logic. Integrated circuits are used in innumerable
products, including personal computers, laptop and tablet
computers, smartphones, flat-screen televisions, medical
instruments, telecommunication equipment, networking
equipment, airplanes, watercraft and automobiles.

[0004] Advances in integrated circuit technology and
microchip manufacturing have led to a steady decrease in
chip size and an increase in circuit density and circuit
performance. The scale of semiconductor integration has
advanced to the point where a single semiconductor chip can
hold tens of millions to over a billion devices in a space
smaller than a U.S. penny. Moreover, the width of each
conducting line in a modern microchip can be made as small
as a fraction of a nanometer. The operating speed and overall
performance of a semiconductor chip (e.g., clock speed and
signal net switching speeds) has concomitantly increased
with the level of integration. To keep pace with increases in
on-chip circuit switching frequency and circuit density,
semiconductor packages currently offer higher pin counts,
greater power dissipation, more protection, and higher
speeds than packages of just a few years ago.

[0005] Conventional microchips are generally rigid struc-
tures that are not designed to be bent or stretched during
normal operating conditions. Likewise, most microchips and
other integrated circuit modules are typically mounted on a
printed circuit board (PCB) that is similarly rigid. Processes
using rigid IC’s and rigid PCB’s are generally incompatible
for applications requiring stretchable or bendable electron-
ics. Consequently, many schemes have been proposed for
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embedding microchips on or in a flexible polymeric sub-
strate to create a flexible electronic circuit system. To ensure
constant and reliable electrical connections between indi-
vidual IC modules, many flexible circuits employ stretch-
able and bendable interconnects that remain intact while the
system stretches and bends. This, in turn, enables many
useful device configurations not otherwise possible with
rigid silicon-based electronic devices.

[0006] High quality medical sensing and analysis has
become important in the diagnoses and treatment of a
variety of medical conditions, including conditions related
to the digestive system (e.g., liver and stomach), the car-
diovascular system (e.g., heart and arteries), the nervous
system (e.g., brain and spinal cord), and the like. Current
medical sensing devices suffer from various disadvantages
due to a lack of sophistication in sensing, analysis and
therapeutic technology. One disadvantage is that many con-
temporary sensing and analysis devices are unable to
achieve direct and conformal contact with the body of the
patient. The inability to achieve direct or conformal contact
is typically attributable to the rigid nature of the devices and
accompanying circuitry. Such rigidity prevents these devices
from coming into conforming and direct contact with human
tissue, which may change shape, size, and/or orientation,
and may be soft, pliable, curved, and/or irregularly shaped.
This, in turn, can compromise the accuracy of measurements
and the effectiveness of treatment. Thus, devices, systems
and methods that employ flexible and/or stretchable systems
for medical sensing, analysis and diagnostics would be
desirable.

SUMMARY

[0007] Systems, apparatuses and methods are provided for
monitoring an individual using one or more conformal
sensor device. Disclosed herein, for example, are systems,
methods, and apparatuses utilizing flexible electronics tech-
nology that is configured as conformal sensors for sensing,
measuring, or otherwise quantifying cardiac activity. The
conformal sensors also can be configured for detecting
and/or quantifying motion of a body part (or other object)
that is related to cardiac activity. In an example, the con-
formal sensors can be configured as conformal cardiac
sensors. Conformal cardiac sensors can be used for sensing,
measuring, or otherwise quantifying, cardiac activity and/or
the motion of at least one body part and/or muscle activity
that is related to cardiac activity. The example conformal
cardiac sensors provide conformal sensing capabilities, pro-
viding mechanically transparent close contact with a surface
(such as the skin or other portion of the body) to improve
measurement and/or analysis of physiological information.
For at least some implementations, the conformal cardiac
sensors are formed as patches which couple directly to the
patient. Specific implementations may employ multiple car-
diac sensor devices (e.g., a variety of conformal sensor
patches) to simultaneously or substantially simultaneously
take measurements from multiple locations on the body.
These patches can be flexible and stretchable, and can be
formed from flexible electronics and conformal electrodes
disposed in or on a flexible and/or stretchable substrate. In
various examples, conformal electrodes are formed integral
with a conformal cardiac sensor or are made separate/
separable from a conformal cardiac sensor. The systems,
methods and apparatuses described herein can be configured
for use with human subjects and non-human subjects. More-
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over, at least some of the disclosed conformal cardiac
sensors can be mounted directly to and caused to conform
with a portion of the skin or other portion of the body.

[0008] Aspects of the present disclosure are directed to
conformal cardiac sensor devices for analyzing cardiac
activity of a user. In one embodiment, the conformal cardiac
sensor device includes at least one flexible substrate that is
configured to couple to the user. At least one heart sensor
component is embedded on or within the at least one flexible
substrate. The heart sensor component(s) is configured to
directly contact a portion of skin of the user, measure
electrical activity that is indicative of cardiac activity of the
user and output a signal indicative thereof. At least one
biometric sensor component is embedded on or within the at
least one flexible substrate. The biometric sensor component
(s) is configured to measure physiological activity that is
indicative of cardiac activity of the user. At least one
microprocessor is embedded on or within the at least one
flexible substrate. The at least one microprocessor is com-
municatively coupled to the at least one heart sensor com-
ponent and the at least one biometric sensor component and
operable to execute microprocessor executable instructions
for controlling the measurement of electrical and physiologi-
cal activity indicative of cardiac activity of the user. The
conformal cardiac sensor device also includes at least one
wireless communication component that is embedded on or
within the at least one flexible substrate. The wireless
communication component(s) is operable to transmit data
indicative of the measurements obtained by the heart sensor
component and the biometric sensor component.

[0009] According to other aspects of the present disclo-
sure, conformal cardiac sensor assemblies for analyzing
cardiac activity of an individual are presented. In one
embodiment, the conformal cardiac sensor assembly
includes a flexible substrate that is operable to attach to a
portion of the individual, and a power supply that is attached
or coupled to the flexible substrate. A microprocessor is
attached or coupled to the flexible substrate and operable to
execute microprocessor executable instructions. The confor-
mal cardiac sensor assembly also includes a sensor compo-
nent that is attached or coupled to the flexible substrate and
configured to measure an electrical variable or a physiologi-
cal variable, or both, indicative of cardiac activity of the
individual. A therapeutic component is attached or coupled
to the flexible substrate and configured to provide medicinal
treatment to the individual based, at least in part, on the
measurements obtained by the sensor component. The thera-
peutic component can trigger other forms of therapy based
on cardiac activity of the user (e.g., initiate a soothing
environment with calming music and lighting responsive to
a conformal cardiac sensor sensing rapid or inordinate
cardiac activity (tachycardia)).

[0010] Other aspects of the present disclosure are directed
to conformal cardiac sensor systems for monitoring cardiac
activity a user. In one embodiment, the conformal cardiac
sensor system includes one or more memory devices storing
microprocessor executable instructions, and one or more
microprocessors electrically coupled to the one or more
memory devices and operable to execute the microprocessor
executable instructions. The conformal cardiac sensor sys-
tem also includes one or more first sensor devices electri-
cally coupled to the one or more microprocessors and
operable to obtain one or more first measurements indicative
of cardiac activity of the user. In addition, one or more
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second sensor devices are electrically coupled to the one or
more microprocessors and operable to obtain one or more
second measurements indicative of cardiac activity of the
user. One or more wireless communication components are
electrically coupled to the one or more microprocessors and
operable to transmit data indicative of the measurements
obtained by the one or more first and second sensor devices.
One or more power supplies are electrically coupled to and
operable to power the one or more memory devices, the one
or more microprocessors, the one or more first and second
sensor devices, and the one or more wireless communication
components.

[0011] Any of the disclosed configurations, including
those described in the preceding paragraphs, may include
any of the following options (singly or in any combination):
at least one therapeutic component embedded on or within
the at least one flexible substrate, the at least one therapeutic
component being configured to provide medicinal treatment
to the user based, at least in part, on the measurements
obtained by the at least one heart sensor component and the
at least one biometric sensor component; at least one thera-
peutic component configured to administer to the user an
emollient, a pharmaceutical drug or other drug, a biologic
material, or other therapeutic material, or any combination
thereof; an emollient, pharmaceutical drug or other drug,
biologic material, or other therapeutic material delivered to
the user in response to a detected occurrence of a predeter-
mined triggering event; an emollient, pharmaceutical drug
or other drug, biologic material, or other therapeutic material
delivered to the user transdermally; an amount of emollient,
pharmaceutical drug or other drug, biologic material, or
other therapeutic material delivered to the user that is
calibrated, correlated or otherwise modified based on a
magnitude of the detected occurrence of the predetermined
triggering event; at least one feedback component embedded
on or within the at least one flexible substrate, the at least
one feedback component being configured to analyze the
measurements obtained by the at least one heart sensor
component and the at least one biometric sensor component
and provide diagnostic information or other physiological
information to the user based on the analyzed measure-
ments; at least one feedback component configured to dis-
play to the user an indication of the uset’s overall fitness,
VO2 max, cardiovascular demand, energy expenditure,
activity level, quality of sleep, stress level, heart plasticity or
abnormality, or disordered breathing, or any combination
thereof.

[0012] Any of the disclosed configurations, including
those described in the preceding paragraphs, may include
any of the following options (singly or in any combination):
the least one first/heart sensor component including an
electromyography (EMG) component, an electrocardiogram
(EKG) component, or an electroencephalogram (EEG) com-
ponent, or any combination thereof; the least one second/
biometric sensor component including an accelerometer
module, a gyroscope module, a muscle activation measure-
ment module, or any combination thereof; at least one power
supply embedded on or within the at least one flexible
substrate and operable to power the heart sensor component,
the biometric sensor component, the microprocessor and the
wireless communication component; at least one memory
device embedded on or within the at least one flexible
substrate and storing the microprocessor executable instruc-
tions; the heart sensor component including a plurality of
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conformal electrodes embedded on or within the at least one
flexible substrate, wherein the plurality of conformal elec-
trodes is configured to directly contact the portion of skin of
the user; the at least one flexible substrate is a stretchable
polymeric patch surrounding the at least one heart sensor
component, the at least one biometric sensor component, the
at least one microprocessor, and the at least one wireless
communication component.

[0013] The above summary is not intended to represent
each embodiment or every aspect of the present disclosure.
Rather, the foregoing summary merely provides an exem-
plification of some of the novel aspects and features set forth
herein. The above features and advantages, and other fea-
tures and advantages of the present disclosure, will be
readily apparent from the following detailed description of
representative embodiments and modes for carrying out the
present invention when taken in connection with the accom-
panying drawings and the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIGS. 1A-1D are block diagrams illustrating
examples of systems and devices for monitoring the cardiac
activity of an individual in accord with aspects of the present
disclosure.

[0015] FIGS. 2A-2C are block diagrams illustrating
examples of systems and devices for monitoring the cardiac
activity of an individual and displaying data indicative of
such cardiac activity in accord with aspects of the present
disclosure.

[0016] FIG. 3 is a diagrammatic illustration of a represen-
tative cardiac monitoring computer system for assisting in
monitoring the cardiac activity of an individual with one
more conformal cardiac sensors in accord with aspects of the
present disclosure.

[0017] FIG. 4 is a diagrammatic illustration of a represen-
tative architecture of a conformal sensor system in accord
with aspects of the present disclosure.

[0018] FIG. 5 is a diagrammatic illustration showing the
components of a representative conformal cardiac sensor
platform in accord with aspects of the present disclosure.
[0019] FIG. 6 is a schematic illustration of a representative
architecture of a conformal sensor device in accord with
aspects of the present disclosure.

[0020] FIGS. 7A and 7B show some example implemen-
tations of conformal sensor systems in accord with aspects
of the present disclosure.

[0021] FIG. 7C presents a chart and graphs illustrating
representative data taken by the conformal sensor systems of
FIGS. 7A and 7B.

[0022] FIGS. 8A and 8B are illustrations of representative
conformal sensor patches for monitoring cardiac activity in
accord with aspects of the present disclosure.

[0023] FIG. 8C shows an example implementation of the
conformal sensor patches of FIGS. 8A and 8B.

[0024] FIGS. 9A and 9B illustrate examples of placement
of an example conformal sensor patch on a human body in
accord with aspects of the present disclosure.

[0025] FIGS. 10A and 10B illustrate examples of confor-
mal sensor systems with representative communication pro-
tocols in accord with aspects of the present disclosure.
[0026] FIGS. 11A and 11B illustrate examples of confor-
mal sensor systems with representative graphical user inter-
faces in accord with aspects of the present disclosure.
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[0027] FIGS. 12A illustrates a representative conformal
cardiac sensor system configured for tracking a subject’s
overall fitness in accord with aspects of the present disclo-
sure.

[0028] FIGS. 12B illustrates a representative conformal
cardiac sensor system configured to estimate a subject’s
VO2 max in accord with aspects of the present disclosure.
[0029] FIG. 13 illustrates a representative conformal car-
diac sensor system configured to estimate a subject’s car-
diovascular demand in accord with aspects of the present
disclosure.

[0030] FIG. 14 illustrates a representative conformal car-
diac sensor system for providing an indication of a subject’s
energy expenditure in accord with aspects of the present
disclosure.

[0031] FIG. 15 illustrates a representative conformal car-
diac sensor system configured to provide an indication of a
subject’s activity level in accord with aspects of the present
disclosure.

[0032] FIG. 16 illustrates a representative conformal car-
diac sensor system for providing an indication of a subject’s
quality of sleep in accord with aspects of the present
disclosure.

[0033] FIG. 17 illustrates a representative conformal car-
diac sensor system for providing an indication of a subject’s
anxiety and/or stress in accord with aspects of the present
disclosure.

[0034] FIG. 18 illustrates a representative conformal car-
diac sensor system configured to provide an indication of a
subject’s heart plasticity and/or abnormality in accord with
aspects of the present disclosure.

[0035] FIG. 19 illustrates a representative conformal car-
diac sensor system configured to provide heart rate moni-
toring in accord with aspects of the present disclosure.
[0036] FIG. 20 illustrates a representative conformal car-
diac sensor system configured to provide an indication of the
effect on a subject of an activity type in accord with aspects
of the present disclosure.

[0037] FIG. 21 shows a representative conformal cardiac
sensor system for detection of a subject’s fall or other rapid
movement in accord with aspects of the present disclosure.
[0038] FIG. 22 is a flowchart illustrating an example of a
sequence of operation of the components of an example
conformal cardiac sensor system in accord with aspects of
the present disclosure.

[0039] FIG. 23 is a schematic illustration of an example
layout of a conformal cardiac sensor system in accord with
aspects of the present disclosure.

[0040] FIG. 24 is a graphical illustration showing some
example measurements that can be taken using an electro-
cardiogram (ECG) component of an example conformal
cardiac sensor system in accord with aspects of the present
disclosure.

[0041] FIG. 25 is a flowchart illustrating a representative
implementation of a conformal cardiac sensor system in
accord with aspects of the present disclosure.

[0042] FIG. 26 shows a representative use of a conformal
cardiac sensor system to track sleep disordered breathing in
accord with aspects of the present disclosure

[0043] The present disclosure is susceptible to various
modifications and alternative forms, and some representa-
tive embodiments have been shown by way of example in
the drawings and will be described in detail herein. It should
be understood, however, that the inventive aspects are not
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limited to the particular forms illustrated in the drawings.
Rather, the disclosure is to cover all modifications, equiva-
lents, and alternatives falling within the spirit and scope of
the invention as defined by the appended claims.

DETAILED DESCRIPTION OF THE
ILLUSTRATED EMBODIMENTS

[0044] This disclosure is susceptible of embodiment in
many different forms. There are shown in the drawings, and
will herein be described in detail, representative embodi-
ments with the understanding that the present disclosure is
to be considered as an exemplification of the principles of
the present disclosure and is not intended to limit the broad
aspects of the disclosure to the embodiments illustrated. To
that extent, elements and limitations that are disclosed, for
example, in the Abstract, Summary, and Detailed Descrip-
tion sections, but not explicitly set forth in the claims, should
not be incorporated into the claims, singly or collectively, by
implication, inference or otherwise. For purposes of the
present detailed description, unless specifically disclaimed
or logically prohibited: the singular includes the plural and
vice versa; and the words “including” or “comprising” or
“having” mean “including without limitation.” Moreover,
words of approximation, such as “about,” “almost,” “sub-
stantially,” “approximately,” and the like, can be used herein
in the sense of “at, near, or nearly at,” or “within 3-5% of,”
or “within acceptable manufacturing tolerances,” or any
logical combination thereof, for example.

[0045] It should be understood that any and all combina-
tions of the features, functions and concepts discussed in
detail herein are contemplated as being part of the inventive
subject matter (provided such concepts are not mutually
inconsistent). For example, although differing in appear-
ance, the individual systems and devices and functional
componentry depicted and discussed herein can each take on
any of the various forms, optional configurations, and func-
tional alternatives described above and below with respect to
the other disclosed embodiments, unless explicitly dis-
claimed or otherwise logically prohibited. Following below
are more detailed descriptions of various concepts related to,
and embodiments of, inventive methods, apparatuses and
systems for analysis of data indicative of cardiac activity, as
non-limiting examples, for such applications as diagnosis,
treatment, training and/or clinical purposes. It should be
appreciated that various concepts introduced above and
discussed in greater detail below may be implemented in any
of numerous ways, as the disclosed concepts are not limited
to any particular manner of implementation. Examples of
specific implementations and applications are provided pri-
marily for illustrative purposes.

[0046] The terms “flexible” and “stretchable” and “bend-
able,” including roots and derivatives thereof, when used as
an adjective to modify electrical circuitry, electrical systems,
and electrical devices or apparatuses, are meant to encom-
pass electronics that comprise at least some components
having pliant or elastic properties such that the circuit is
capable of being flexed, stretched and/or bent, respectively,
without tearing or breaking or compromising their electrical
characteristics. These terms are also meant to encompass
circuitry having components (whether or not the compo-
nents themselves are individually stretchable, flexible or
bendable) that are configured in such a way so as to
accommodate and remain functional when applied to a
stretchable, bendable, inflatable, or otherwise pliant surface.
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In configurations deemed “extremely stretchable,” the cir-
cuitry is capable of stretching and/or compressing and/or
bending while withstanding high translational strains, such
as in the range of =100% to 100%, —-1000% to 1000%, and,
in some embodiments, up to -100,000% to +100,000%,
and/or high rotational strains, such as to an extent of 180° or
greater, without fracturing or breaking and while substan-
tially maintaining electrical performance found in an
unstrained state.

[0047] Disclosed herein are systems, methods, and appa-
ratuses utilizing conformal electronics technology that is
configured as conformal sensors for sensing, measuring, or
otherwise quantifying cardiac activity. In an example, a
conformal cardiac sensor can be used for sensing, measuring
and/or otherwise quantifying specific movement events of
portions of the body. In another example, one or more of the
systems, methods, and apparatuses described herein can be
configured to use the results of analysis of data indicative of
cardiac activity, or the motion of at least one body part
and/or muscle activity that is related to cardiac activity, for
such applications as medical diagnosis, medical treatment,
physical activity, sports, physical therapy and/or clinical
purposes. Data gathered using disclosed conformal cardiac
sensors based on sensing the cardiac activity, or the motion
of at least one body part and/or muscle activity that is related
to cardiac activity, along with data gathered by sensing other
physiological measures of the body, can be analyzed to
provide useful information related to medical diagnosis,
medical treatment, physical state, physical activity, sports,
physical therapy, and/or clinical purposes. When sensing is
performed using a thin, conformal, and wearable cardiac
sensor, such as those described herein, and measurement
devices including such sensors, these measures and metrics
can be unimpeded by the size, weight or placement of the
measurement devices.

[0048] At least some of the systems, methods, and devices
described herein provide for creating, building, and deploy-
ing thin and conformal electronics that are useful in a wide
variety of applications both inside the body and outside the
body, through detection of cardiac activity, or the motion of
at least one body part and/or muscle activity that is related
to cardiac activity. At least some of the example conformal
cardiac sensors include silicon-based and other electronics
in new form factors allowing for the creation of very thin
and conformal devices.

[0049] Systems, methods, and apparatuses described
herein, including conformal cardiac sensors, can be config-
ured to monitor cardiac activity, or motion of at least one
body part and/or muscle activity that is related to cardiac
activity, and to gather measured data values indicative of the
monitoring. The monitoring can be performed in real-time,
at different time intervals, randomly, continuously, and/or
when requested. In addition, the example systems, methods,
and apparatuses described herein can be configured to store
the measured data values to a memory of the system and/or
communicate (transmit) the measured data values to an
external memory or other storage device, a network, and/or
an off-board computing device. In any example herein, the
external storage device can be a server, including a server in
a data center. Non-limiting examples of a computing device
applicable to any of the example systems, apparatus or
methods according to the principles herein include smart-
phones, tablet computers, laptop computers, personal com-
puters, personal digital assistants, slates, e-readers or other
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electronic reader, an Xbox®, a Wii®, or other game system
(s), or other hand-held or worn computing device.

[0050] At least some of the disclosed systems, methods,
and apparatuses can be used to provide ultra-thin and
conformal electrodes that, when combined with cardiac
activity measurements, facilitate monitoring and diagnosis
of subjects. This in turn, can better facilitate the diagnosis
and treatment of such ailments as cardiac disease (more
commonly referred to as “heart disease”), vascular diseases
of the brain and kidney, and peripheral arterial disease, as
some non-limiting examples. In combination with pharma-
ceuticals, this information can be used to monitor and/or
determine subject issues including compliance and effects.
[0051] For some embodiments, the conformal cardiac
sensors are configured to provide a variety of sensing
modalities. As an example, conformal cardiac sensors can be
configured with sub-systems such as telemetry, power,
power management, processing, as well as construction and
materials. A wide variety of multi-modal sensing systems
that share similar design and deployment can be fabricated
based on the example conformal electronics. An example
conformal cardiac sensor system includes electronics for
performing at least one measurement related to cardiac
activity, including an electrical activity measurement, an
accelerometry measurement, or a muscle activation mea-
surement, or any combination of the three. Additionally or
alternatively, a conformal cardiac sensor system can include
electronics for performing at least one other measurement,
such as but not limited to heart rate measurements, tempera-
ture measurements, hydration level measurements, neural
activity measurements, conductance measurements, envi-
ronmental measurements, and/or pressure measurements.
For instance, disclosed conformal sensors are configured to
perform one or more or all of these different types of
measurements.

[0052] An example cardiac sensor system includes an
accelerometer, such as but not limited to a single-axis
accelerometer and/or a 3-axis accelerometer, for providing
accelerometry measurements. As another non-limiting
example, the accelerometry component may be a 3-D accel-
erometer. Optionally or alternatively, the example cardiac
sensor system includes one or more gyroscopes. The
example cardiac sensor system can be disposed proximate to
a body part or other object, and data collected based on the
cardiac activity and/or the motion of at least one body part
and/or muscle activity that is related to cardiac activity is
analyzed. In a non-limiting example, a cardiac sensor system
is configured to combine cardiac activity sensing in the form
of a heart rate monitor and electrocardiogram (ECG) for a
variety of applications. In an example implementation, the
cardiac sensor may also include components for measuring
motion and/or muscle activity, such as an accelerometry
component and/or an electromyography component. Other
sensors that can be employed for monitoring cardiac activity
include triboelectric sensors, ultrasonic sensors, acousto-
electric sensors and transducers, endocardial sensors, piezo-
electric activity sensors, thoracic impedance sensors, and the
like. A controller communicatively coupled with one or
more or all of the disclosed sensors can be employed to
sense a cardiac event or a precursor to a cardiac event (e.g.,
heart failure, a decompensation episode of ventricular dys-
function, cardiovascular collapse, etc.).

[0053] For ECG measurements, the electrical activity of a
portion of cardiac tissue or any other tissue in communica-
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tion with the heart, or other portion of the body related to
cardiac activity, is measured and quantified. In some imple-
mentations, the ECG measurements are performed using
electrodes mounted on, disposed proximate to, or placed in
communication with a portion of cardiac tissue or any other
tissue in communication with the heart, or other portion of
the body related to cardiac activity. Electrical activity is
monitored, for example, based on such features as spikes
and/or dips in a wave pattern or patterns of an electrical
signal. For instance, with each heartbeat, an electrical signal
can spread from one portion of cardiac tissue to another. The
traveling electrical signal can cause cardiac tissue to con-
tract. As a result, the heart pumps blood. The process, and
associated electrical signals, repeats with each new heart-
beat. Analysis of the data indicative of the electrical signal
from the ECG measurements can be used to provide infor-
mation indicative of the state of cardiac activity. For
example, the analysis of the data is used to provide infor-
mation about at least one of: the regularity or pace of the
cardiac activity (including the heart beats), the rhythm of
cardiac activity (including whether it is steady or irregular),
the strength, timing and/or pathway of the electrical signals
related to cardiac activity as the electrical signal passes
through portions of cardiac tissue. As non-limiting
examples, the data indicative of cardiac activity is analyzed
to provide information related to a condition of the heart,
including information related to a heart attack, a stroke, an
arrhythmia, heart failure, and/or any other condition or
disorder affecting heart function.

[0054] Electronics for muscle activation monitoring can
be configured, for example, to perform electromyography
(EMG) measurements. The electronics for EMG can be
implemented to provide a measure of muscle response or
electrical activity in response to a stimulation of the muscle.
In a non-limiting example, the EMG measurements are used
to detect neuromuscular abnormalities. For EMG measure-
ments, electrodes coupled to the example conformal cardiac
sensors are disposed on, proximate to, or in communication
with a portion of cardiac tissue or any other tissue in
communication with the heart, or other portion of the body
related to cardiac activity, and the electrical signals indica-
tive of an EMG measurement is detected or otherwise
quantified by the electrodes. The EMG can be performed to
measure the electrical activity of muscle related to cardiac
activity during rest, or during muscle activity, including a
slight contraction and/or a forceful contraction. Muscle
tissue may not produce electrical signals during rest, how-
ever, a brief period of activity can be observed when a
discrete electrical stimulation is applied using an electrode
disposed proximate to the cardiac tissue and/or other muscle
related to cardiac activity. Conformal cardiac sensors can be
configured to measure, via the EMG electrodes, an action
potential. In an example, the action potential is the electrical
potential generated when muscle cells are electrically or
neurologically stimulated or otherwise activated. As muscle
is contracted more forcefully, more and more muscle fibers
are activated, producing varying action potentials. Analysis
of the magnitude and/or shape of the waveform(s) of the
action potentials measured can be used to provide informa-
tion about cardiac activity (including a body part and/or a
muscle involved in cardiac activity), including the number
of muscle fibers involved. In an example, the analysis of the
magnitude and/or shape of the waveforms measured using
the conformal sensors are used to provide an indication of
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the ability of the cardiac tissue and/or other muscle related
to cardiac activity to respond, e.g., to movement and/or to
stimuli (including electrical stimuli). Analysis of spectral or
frequency content of such signals can be further used to
provide an indication of muscle activation and/or other
tissue activity, and associated cardiac activity. This data or
any other data described herein can be further filtered and/or
compressed to reduce the amount of information to be
stored.

[0055] For some embodiments, data indicative of the
conformal sensor measurements, including the measured
action potentials, can be stored in a resident memory device
of the conformal sensor system and/or communicated or
otherwise transmitted, e.g., wirelessly, to an external
memory or other storage device, network, and/or off-board
computing device. Conformal cardiac sensor systems dis-
closed herein can include one or more processing units that
are configured to analyze the data indicative of the confor-
mal sensor measurements, including the measured action
potentials.

[0056] According to other aspects of the disclosed con-
cepts, a conformal cardiac sensor system comprises elec-
tronics coupled to recording and stimulating electrodes for
performing a nerve conduction study (NCS) measurement.
An NCS measurement can be used to provide data indicative
of the amount and speed of conduction of an electrical
impulse through a nerve. Analysis of a NCS measurement
can be used to determine nerve damage or destruction
related to cardiac activity. In a NCS measurement, an
impulse monitoring “recording” electrode can be coupled to
a body part, or other object proximate to a nerve (or nerve
bundle) of interest, or other tissue related to cardiac activity,
and a pulse emitting “stimulating” electrode can be disposed
at a known distance away from the recording electrode. The
conformal sensor system can be configured to apply a mild
and brief electrical stimulation to stimulate a nerve (or nerve
bundle) of interest via the stimulating electrode(s). Mea-
surement of the response of the nerve (or nerve bundle) of
interest can be made via the recording electrode(s). The
stimulation of the nerve (or nerve bundle) of interest and/or
the detected response can be stored to a memory of the
conformal sensor system and/or communicated (transmit-
ted), e.g., to an external memory or other storage device, a
network, and/or an off-board computing device.

[0057] The architecture of a conformal cardiac sensor
system can include, for example, one or more sensor
devices, power and/or power circuitry, wired and/or wireless
communication devices, and at least one processing unit. In
some examples, the power source can be a wireless power
source. Non-limiting examples of other components of the
conformal cardiac sensor system include at least one battery,
a regulator, a memory (such as but not limited to a read-only
memory, a flash memory, and/or a random-access memory),
an input interface, an output interface, a communication
module, a passive circuit component, an active circuit com-
ponent, etc. One or more or all of the disclosed conformal
cardiac sensor systems include at least one microcontroller
and/or other integrated circuit component. In an example,
the conformal cardiac sensor system comprises at least one
coil, such as but not limited to a near-field communication
(NFC) enabled coil. In another example, the conformal
cardiac sensor system includes a radio-frequency identifi-
cation (RFID) component. In an example, the conformal
cardiac sensor system can include a dynamic NFC/RFID tag
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integrated circuit with a dual-interface, electrically erasable
programmable memory (EEPROM).

[0058] FIGS. 1A through 1D of the drawings show non-
limiting examples of cardiac sensor device and system
configurations. As indicated above, each of the systems and
devices depicted and discussed with respect to FIGS. 1A-1D
can take on any of the other various forms, optional con-
figurations, and functional alternatives described with
respect to the other disclosed embodiments, unless explicitly
disclaimed or otherwise logically prohibited. An example
cardiac sensor device, designated generally at 100A in FIG.
1A, includes a data receiver 101 disposed on or in a substrate
100. The substrate 100 and/or the data receiver 101 can be
configured to conform to a portion of cardiac tissue, an
object proximate to cardiac tissue, or any other tissue in
communication with the heart, or other portion of the body
related to cardiac activity, to which the data receiver 101 and
the substrate 100 are coupled. The object is a body part, a
secondary object, and/or a muscle group, for example. Data
receiver 101 can include one or more of any conformal
sensor component according to the principles of any of the
examples and/or figures described herein. In an example, the
data receiver 101 includes a ECG component 103 and at
least one other measurement component 104. Measurement
component 104 comprises, in at least some implementations,
at least one an accelerometer, at least one heart rate monitor
(including a muscle activation monitor), and/or at least one
of any other sensor disclosed herein. The at least one ECG
component 103 and/or at least one measurement component
104 can be used to measure data indicative of a cardiac
activity (including at a portion of cardiac tissue or any other
tissue in communication with the heart, or other portion of
the body related to cardiac activity).

[0059] The example device of FIG. 1A also includes an
analyzer 102. As illustrated, the analyzer 102 is configured
to quantify the data indicative of cardiac activity, other
physiological data, and/or analysis of such data indicative of
cardiac activity, and/or physiological data, according to the
principles described herein. In one example, the analyzer
102 is disposed on or in the substrate 100 with the data
receiver 101, while in another example the analyzer 102 is
disposed proximate to or remote from the substrate 100 and
data receiver 101. In the representative implementation of
the device in FIG. 1A, the analyzer 102 is configured to
quantify or otherwise analyze the data indicative of the ECG
measurement and/or the other component measurement
(such as an accelerometry measurement, a heart rate mea-
surement, and/or muscle activation monitoring) to provide
an indication of cardiac activity. Analyzer 102 of FIGS.
1A-1D includes, as some non-limiting examples, a central
processing unit (CPU), one or more microprocessors (e.g., a
master processor, a slave processor, and a secondary or
parallel processor), and/or any combination of hardware,
software, or firmware disposed resident to or remote from
the sensor device.

[0060] FIG. 1B shows another representative cardiac sen-
sor device 100B, which includes a substrate 100, a data
receiver 101, an analyzer 102, and a storage module 105.
Optionally, the device 100B may further comprise a thera-
peutic component 108 and/or a feedback component 109.
Therapeutic component 108 may utilize the data received by
data receiver 101 and analyzed by the data analyzer 102 to
provide therapeutic, pharmacological or other medicinal
treatment to the user as described in further detail below
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(e.g., to administer or deliver an emollient, a pharmaceutical
drug or other drug, a biologic material, or other therapeutic
material). Conversely, feedback component 109 may utilize
the data received by data receiver 101 and analyzed by the
data analyzer 102 to provide diagnostic information, physi-
ological information and/or other feedback on cardiac activ-
ity and/or other electrophysiological measurements to the
user regarding, e.g., any of the characteristics identified in
FIGS. 12-26. The storage module 105 illustrated in FIG. 1B
is configured, for example, to include a memory to save data
from the data receiver 101 and/or the analyzer 102. In some
implementations, the storage device 105 is any type of
non-volatile memory. Any of the storage devices 105 illus-
trated in the drawings can include flash memory, solid state
drives, removable memory cards, erasable programmable
read only memory (EEPROM), random access memory
(RAM), or any other type of computer-readable medium, or
any combination thereof. In certain examples, the storage
device 105 is removable from the device. In some imple-
mentations, the storage device 105 is local to the device
while in other examples it is remote. For example, the
storage device 105 can be the internal memory of a com-
puting device. In the various examples herein, the comput-
ing device may be a smartphone, a personal computer, a
tablet computer, a slate computer, a personal digital assistant
(PDA), an e-reader or other electronic reader, an Xbox®, a
Wii®, or other game system(s), or other hand-held or worn
computing device. In this example, the device may commu-
nicate with the external computing device via an application
executing on the external computing device. In some imple-
mentations, the sensor data can be stored on the storage
device 105 for processing at a later time. In some examples,
the storage device 105 can include space to store processor-
executable instructions that are executed any of the dis-
closed methods, functions, and operations, including to
analyze data from the data receiver 101. In other examples,
the memory of the storage device 105 can be used to store
the measured data indicative of cardiac activity, other physi-
ological data, or analysis of such data indicative of cardiac
activity, or physiological data, according to the principles
described herein.

[0061] FIG. 1C shows yet another example of a cardiac
sensor device 100C according to the principles disclosed
herein. Sensor device 100C includes, for example, a sub-
strate 100, a data receiver 101, an analyzer 102, and a
transmission module 106. The transmission module 106 is
configured to transmit data from the data receiver 101, the
analyzer 102, and/or stored in a storage device (such as the
storage device 105 of FIG. 1B), to an external memory or
other storage device, a network, and/or an off-board com-
puting device. In an example, the transmission module 106
can be a wireless transmission module. For such configu-
rations, the transmission module 106 transmits data via
wireless networks, radio frequency communication proto-
cols, Bluetooth®, near-field communication (NFC), and/or
optically using infrared or non-infrared LEDs. The data can
be transmitted to an external memory or other storage
device, a network, and/or an off-board computing device.

[0062] FIG. 1D shows yet another example system 100D
that includes a substrate 100, a data receiver 101, an analyzer
102, and a processor 107. The data receiver 101 can receive
data related to sensor measurement(s) from a sensor. In an
example, the sensor is a conformal sensor. The processor
107 is configured, for example, to execute processor-execut-
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able instructions stored in a storage device 107 and/or within
the processor 107 to analyze data indicative of cardiac
activity, other physiological data, or analysis of such data
indicative of cardiac activity, or other physiological data
according to the principles described herein. In some imple-
mentations, the data can be directly received from the data
receiver 101 or retrieved from a storage device (such as the
storage device 105 of FIG. 1B). In one example, the pro-
cessor is a component of the analyzer 102 and/or disposed
proximate to the data receiver 101. In another example, the
processor 107 is external to the system, such as in a
computing device that downloads and analyzes data
retrieved from the system. The processor 107 can execute
processor-executable instructions that quantify the data
received by the data receiver 101.

[0063] FIGS. 2A-2C show non-limiting examples of car-
diac sensor system configurations that include an electronic
display or other output device for displaying or otherwise
outputting the data or analysis results from analysis of the
data. The example systems of FIGS. 2A-2C include a
substrate 200, a data receiver 201, an analyzer 202, and an
indicator 203. As shown in the examples of FIGS. 2B-2C,
the system can further include a processor 205 (see FIG.
2C), to execute the processor-executable instructions
described herein, and/or a storage device 204 (see FIG. 2B),
for storing processor-executable instructions and/or data
from the analyzer 202 and/or one or more conformal sensors
of the system.

[0064] The indicator 203 of the example systems of FIGS.
2A-2C can be used for displaying and/or transmitting data
indicative of cardiac activity, other physiological data, and/
or analysis of such data indicative of cardiac activity, or
other physiological data, according to the principles
described herein, and/or user information. In one example,
the indicator 203 can comprise a liquid crystal display
(LCD) device, a light emitting diode (LED) display device,
or an electrophoretic display (such as e-ink), and/or a
plurality of indicator lights. For example, the indicator 203
can include a series of LEDs. In some implementations, the
LEDs range in color, such as from green to red. In this
example, if performance does not meet a pre-determined
threshold measure, a red indicator light can be activated and
if the performance meets the pre-determined threshold mea-
sure, the green indicator light can be activated. In another
example, indicator 203 may include a screen or other display
that can be used to display graphs, plots, icons, or other
graphic or visual representations indicative of the data or
analysis results from analysis of the data.

[0065] In some implementations, as described above, the
signaling of the indicator 203 is detectable to the human eye;
in other implementations, it is not detectable by the human
eye but can be detected using an image sensor. The indicator
203 may be configured to emit light outside the visible
spectrum of the human eye (e g , infrared) or to emit light
that is too dim to be detected, as examples of indication
methods substantially not detectable by the human eye. In
these examples, the image sensor can be configured to detect
such signals outside the viewing capabilities of a human eye.
In various examples, the image sensor may be a component
of a smartphone, a tablet computer, a slate computer, an
e-reader or other electronic reader or hand-held or wearable
computing device, a laptop, an Xbox®, a Wii®, or other
game system(s).
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[0066] FIG. 3 shows the architecture of an example car-
diac monitoring computer system 300 that may be employed
to implement any of the example methods, computer sys-
tems, and apparatuses discussed herein. The computer sys-
tem 300 of FIG. 3 includes one or more processors 320
communicatively coupled to one or more memory devices
325, one or more communications interfaces 305, one or
more output devices 310 (e.g., one or more display units),
and one or more input devices 315. In the computer system
300 of FIG. 3, the memory 325 may include any computet-
readable storage media, and may store computer instructions
such as processor-executable instructions for implementing
the various functionalities described herein for respective
systems, as well as any data relating thereto, generated
thereby, or received via the communications interface(s) or
input device(s). The processor(s) 320 shown in FIG. 3 may
be used to execute instructions stored in the memory device
(s) 325 and, in so doing, also may read from or write to the
memory various information processed and/or generated
pursuant to execution of the instructions.

[0067] The processor 320 of the computer system 300
shown in FIG. 3 also may be communicatively coupled to or
control the communications interface(s) 305 to transmit
and/or receive various information pursuant to execution of
instructions. For some implementations, the communica-
tions interface(s) 305 is communicatively coupled to a
network 314 to thereby allow the computer system 300 to
transmit information to and/or receive information from
other devices (e.g., other computers/computer systems).
Network 314 can be a wired or wireless network, bus, or
other data transmission means or communication means.
The system of FIG. 3 may further include one or more
communications interfaces to facilitate information flow
between the components of the system 300. In some imple-
mentations, the communications interface(s) is configured
(e.g., via various hardware components or software compo-
nents) to provide a website as an access portal to at least
some aspects of the computer system 300.

[0068] Output devices 310 of cardiac monitoring com-
puter system 300 shown in FIG. 3 may be provided, for
example, to allow information to be viewed or otherwise
perceived in connection with execution of the instructions.
The input device(s) 315 may be provided, for example, to
allow a user to make manual adjustments, make selections,
enter data or various other information, or interact in any of
a variety of manners with the processor during execution of
the instructions. The input device(s) 315 may take the form
of, but is not limited to, switches, contacts, capacitive or
mechanical components. In other examples, input device(s)
315 may use the measures from sensors to actuate controls
of the system.

[0069] FIG. 4 shows a block diagram of a representative
system-level architecture of an example cardiac sensor sys-
tem 400 according to the principles herein. The example
system 400 includes a memory 402, a microcontroller 404
(including at least one processing unit), a communications
component 406 (including an antenna 408), a power supply
410 (i.e., a battery unit), a charge regulator 412 coupled with
an energy harvester 414, and a sensor/transducer component
416. In a non-limiting example, the sensor/transducer com-
ponent 416 includes cardiac sensor platform electronics for
performing electrocardiogram (ECG) measurements, accel-
erometry measurements, and/or muscle activation measure-
ments. Sensor/transducer component 416 may comprise at
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least one heart sensor component configured to measure
electrical data indicative of cardiac activity of the user, and
at least one biometric sensor component configured to
measure physiological data indicative of cardiac activity of
the user. For some configurations, the cardiac sensor system
400 includes at least one of the other types of sensor
components disclosed herein or otherwise configured to
perform any of the measurements disclosed herein. In the
example of FIG. 4, the communications component 406 can
include Bluetooth® communication or other wireless com-
munication protocols and standards, at least one low-power
microcontroller unit for controlling the recording of the
ECG measurement(s), the accelerometry measurement(s),
and/or the muscle activation measurement(s), and any other
data associated with any other physiological parameter
measured. In an example, there can be a respective micro-
controller for controlling each different type of measure-
ment.

[0070] FIG. 5 shows non-limiting examples of the various
components of a representative conformal cardiac sensor
platform 500 for sensing, monitoring or otherwise determin-
ing indications of cardiac activity. In the example of FIG. 5,
the cardiac sensor platform 500 incorporates an onboard
battery unit 502 (e.g., supplying approximately 2.7V)
coupled with, among other things, a memory 504 (e.g., a 32
megabyte (MB) flash memory), and a communication com-
ponent 506 (e.g., a Bluetooth®/Bluetooth® Low Energy
(BTLE) communication unit) that is coupled with an output
regulator 508 and an antenna 509. Battery unit 502 may
optionally be coupled to an energy harvester, battery char-
ger, regulator, or the like, which are represented, singly and
collectively, by component 512 in FIG. 5. The cardiac sensor
platform 500 is shown coupled with a resonator 514 (such
as, but not limited to, a 13.56 MHz resonator) and a
full-wave rectifier 516. The cardiac sensor platform 500
further includes an integrated circuit component 518, which
may be in the nature of or comprise a microcontroller, a
Bluetooth®/BTLE stack on-chip, and firmware storing pro-
cessor-executable instructions for implementation of con-
formal cardiac sensor measurements.

[0071] The example conformal cardiac sensor platform
500 of FIG. 5 employs a first sensor component 520 and,
optionally, a second sensor component 522. In an example,
first sensor component 520 comprises a 3-axis accelerometer
with at least 3 sensitivity settings and a digital output. In this
same example, second sensor component 522 comprises
EMG sensing, EMG electrodes, and a digital output. Plat-
form 500 may also include a low-power microcontroller unit
for ECG measurements, a low-power microcontroller for
EMG measurements, a low-power microcontroller unit for
accelerometry measurements, and/or a low-power micro-
controller for electrophysiological measurements. In some
examples, the functions of a given component of the system,
such as but not limited to the ECG, accelerometry, EMG, or
other physiological measuring component, may be divided
across one or more microcontrollers. The lines leading from
the energy harvester/battery charger/regulator to the other
components highlight modular design where different sen-
sors (such as but not limited to EMG electrodes, EEG
electrodes, electroencephalography (EEG) electrodes) can
be used with similar set of microcontrollers, communica-
tions, and/or memory modules.

[0072] FIG. 6 presents a schematic drawing of the
mechanical layout and system-level architecture of an
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example conformal cardiac sensor device, designated gen-
erally as 600, that is configured as a rechargeable patch. The
conformal cardiac sensor electronics technology disclosed
herein can be designed and implemented with various
mechanical and electrical layouts for multifunctional plat-
forms and, thus, is not per se limited to the layout presented
in FIG. 6. Examples of some such conformal electronics
layouts and configurations are presented, for example, in
commonly owned U.S. patent application Ser. No. 13/844,
767, to Roozbeh Ghaffari et al. and entitled “Catheter
Balloon Employing Force Sensing Elements,” and com-
monly owned U.S. patent application Ser. No. 12/575,008,
to Roozbeh Ghaffari et al. and entitled “Catheter Balloon
Having Stretchable Integrated Circuitry and Sensor Array,”
both of which are incorporated herein by reference in their
respective entireties and for all purposes. Conformal devices
including flexible electronics technology typically integrate
stretchable/bendable form factors using IC designs embed-
ded in or on flexible polymeric substrates/layers. These
substrates/layers are formulated to protect the circuits from
strain and to achieve mechanical flexibility in an ultra-thin
cross-section. For example, the device can be configured
with thicknesses on the order of about 1 mm or less on
average. In other examples, the patch can be configured with
thinner or thicker cross-sectional dimensions.

[0073] The device architecture of FIG. 6 employs one or
more reusable modules containing electronic surface-mount
technology (SMT) components, including a biometric sen-
sor component 602 (e.g., an accelerometer module and/or a
gyroscope module), a wireless communication module 604,
a microcontroller 606, an antenna 608 (such as, but not
limited to, a stretchable monopole antenna), conformal
electrode arrays 610 and 612 for sensing, e.g., EMG, EEG
and EKG signals, and a pair of electrode connectors 613.
The conformal electrode arrays 610 and 612 (also referred to
herein as “heart sensor components™) can be reusable or
disposable. The representative rechargeable patch 600 also
includes a power supply module 614, such as but not limited
to a LiPo Battery of approximately 2 mA-Hr or approxi-
mately 10 mA-Hr), a regulator module 616, a power transfer
coil (such as but not limited to a 0.125 oz Cu coil with 1.5/2
mil trace/space ratio), a voltage controller module 620, and
a memory module 622.

[0074] As shown in the example of FIG. 6, the compo-
nents of the conformal cardiac sensor device are assembled
in a “device island” arrangement, interconnected by stretch-
able interconnects 624. The stretchable interconnect can be
configured, singly or collectively, as serpentine intercon-
nects, zig-zag interconnects, rippled interconnects, buckled
interconnects, helical interconnects, boustrophedonic inter-
connects, meander-shaped interconnects, or any other con-
figuration that facilitates flexability. In any of the examples
described herein, electrically conductive material (such as
but not limited to the material of an electrical interconnect
and/or an electrical contact) can be, but is not limited to, a
metal, a metal alloy, a conductive polymer, or other con-
ductive material. In any of the example structures described
herein, the stretchable interconnects can have a thickness of
about 0.1 pum, about 0.3 um, about 0.5 pm, about 0.8 um,
about 1 pm, about 1.5 um, about 2 um, about 5 pm, about 9
um, about 12 pm, about 25 pm, about 50 um, about 75 um,
about 100 pm, or greater.

[0075] These components, in addition to comprising the
aforementioned sensor, power, communication and other
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components, may include additional and alternative compo-
nents, such as additional electrodes, additional electrode
connectors, or any other example component according to
the principles described herein. Stretchable interconnects
624 are electrically conductive to facilitate electrical com-
munication between the various components of FIG. 6, or
are electrically non-conductive to assist in maintaining a
desired overall form factor or relative aspect ratio of the
overall conformation of the conformal sensor device during
or after being subjected to deformation forces, such as
extension, compressive and/or torsional forces. The example
of FIG. 6 also shows the differing shapes and aspect ratios
of the island bases 626 that the components of the example
conformal sensor can be disposed on, or otherwise coupled
to, to provide the device islands.

[0076] For at least some desired applications, an encap-
sulant material can be introduced locally to any region or
portion or component of the conformal sensor device 500,
such as proximate to a portion of an electronic component or
an interconnect of the conformal device. The encapsulant
helps, for example, to protect the component from an
applied stress or strain in the event of a deformation force
being applied to the overall conformal device. For example,
the encapsulant material can aid in adjusting a location of a
neutral mechanical plane locally in the region of the com-
ponent. Controlled placement of the neutral mechanical
plane relative to a functional component can result in little
to no stress or strain being exerted in the region of the
component, when the overall conformal device is subjected
to the deformation force.

[0077] As a non-limiting example, a portion of the con-
formal cardiac sensor device proximate to an electronic
component may be encapsulated in a polyimide (PI), or
other polymer or polymeric material, that can cause the
neutral mechanical plane to coincide with the more fragile
portions of the component. Non-limiting examples of appli-
cable polymers or polymeric materials include a polyimide
(PI), a polyethylene terephthalate (PET), a silicone, or a
polyurethane. Other non-limiting examples of applicable
polymers or polymeric materials include plastics, elasto-
mers, thermoplastic elastomers, elastoplastics, thermostats,
thermoplastics, acrylates, acetal polymers, biodegradable
polymers, cellulosic polymers, fluoropolymers, nylons,
polyacrylonitrile polymers, polyamide-imide polymers, pol-
varylates, polybenzimidazole, polybutylene, polycarbonate,
polyesters, polyetherimide, polyethylene, polyethylene
copolymers and modified polyethylenes, polyketones, poly
(methyl methacrylate, polymethylpentene, polyphenylene
oxides and polyphenylene sulfides, polyphthalamide, poly-
propylene, polyurethanes, styrenic resins, sulphone based
resins, vinyl-based resins, or any combinations of these
materials. In an example, a polymer or polymeric material
herein can be a UV curable polymer or a silicone.

[0078] In determining the configuration of the overall
conformal device, the dimensions of the components, the
stiffness of the materials of the component, the dimensions
and/or the stiffness of one or more interconnects, the stiff-
ness properties of the encapsulant material, and/or location
of placement of the encapsulant material, can be controlled
to strategically cause the neutral mechanical plane to fall in
aregion of one or more components or interconnect(s) of the
overall conformal device to prevent a stress or strain con-
centration near the fragile regions of the component(s)
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and/or the interconnects. In a non-limiting example, the
fragile region is junction between an interconnect and an
electronic component.

[0079] In any example implementation, the positioning of
the neutral mechanical plane in any given region of the
overall conformal device can be controlled to protect one or
more of the electronically functional components of the
overall conformal device structure from an applied stress or
strain. The positioning of the neutral mechanical plane can
be controlled locally at any electronic component of the
overall conformal device by controlling parameters locally
such as, but not limited to, at least one of: (a) type of material
(stiffness) of an electronic component and/or dimensions of
the electronic component; (b) type of material (stiffness) of
the interconnect and/or shape of the interconnect; and (c) the
use of an encapsulant, including choice of type of encapsu-
lant material (stiffness) and/or choice of local placement of
the encapsulant in the overall conformal device.

[0080] FIGS. 7A-7C show some example implementa-
tions of a conformal cardiac sensor system 700, including
example placement of a conformal cardiac sensor patch 710
on a portion of the body and representative data 720 taken
by the conformal sensor system. FIG. 7A shows how one can
determine the placement/positioning of sensing electrodes
on the body based, at lest in part, on the relative distances
between portions of the body. FIG. 7B shows an example
conformal cardiac sensor patch 710, which includes a plu-
rality of electrodes (e.g., three electrocardiogram (ECG)
electrodes) disposed at defined positions on the upper torso
(e.g., front thorax) of a human subject. The placement is
determined, for example, based on measurements performed
similarly to those depicted in FIG. 7A (e.g., at placement
intervals based on similar ratios of positions) or according to
any other technique in the art. FIG. 7B also shows examples
of the placement of the ECG electrodes on the body. FIG. 7C
shows non-limiting example measurements taken using the
ECG electrodes relative to various positions on a body (e.g.,
as depicted in FIG. 7A). Because of the size and conform-
ability of the patch, as well as the compact spacing of the
sensor nodes within the patch, it is contemplated that the
cardiac sensor patch be placed anywhere on the patient’s
chest or body, as indicated in the discussion of FIGS. 9A and
9B below.

[0081] The example conformal cardiac sensor device 710
can include disposable ECG electrodes 714, a re-usable
connector 716 to mechanically and electrically couple the
ECG electrodes with a main portion/body of the conformal
cardiac sensor device 716, and a cardiac sensor unit 712
forming the main portion of the cardiac sensor device. In the
example of FIG. 7B, the main portion 712 of the cardiac
sensor unit is formed as a conformal patch. Similar to the
architecture 600 of FIG. 6 described above, the example
cardiac sensor unit 710 can be configured to include at least
one battery, at least one microprocessor, at least one
memory, at least one wireless communication device, and
passive circuitry. In an example, the battery may be
rechargeable, thereby causing the cardiac sensor unit 710 to
be rechargeable. As a non-limiting example, the average
thickness of the reusable patch can be about 1 mm thick and
the lateral dimensions can be about 2 cm by about 10 cm. In
other examples, the patch can be configured to have other
dimensions, form factors, and/or aspect ratios (e.g., thinner,
thicker, wider, narrower, or many other variations).
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[0082] Turning next to FIGS. 8A-8C, there are shown
example implementations of conformal cardiac sensor sys-
tems and conformal cardiac sensor patches. FIG. 8A shows
one representative implementation of a cardiac sensor sys-
tem formed, at least in part, as a conformal cardiac sensor
patch 800 with selectively removable and disposable elec-
trodes 802, a reusable connector 804 for electrically cou-
pling the electrodes to a reusable and rechargeable confor-
mal sensor unit 806 formed as a conformal patch. The
rechargeable conformal sensor unit 806 can further include
numerous additional and alternative components, including
those described above with respect to FIGS. 1A-1D, 2A-2C
and 4-6. For example, the unit 806 is shown comprising a
battery 808, a microprocessor 810, a memory 812, wireless
communication module 814, and/or other active and passive
circuitry. According to the illustrated example, the average
thickness of the reusable patch can be about 1 mm thick with
lateral dimensions of about 2 cm (wide) by about 10 cm
(long). In other examples, the patch can be configured to
have other dimensions, form factors, and/or aspect ratios
(e.g., thinner, thicker, wider, narrower, or many other varia-
tions).

[0083] FIG. 8B shows another example of a cardiac sensor
system formed, at least in part as a bipartite conformal
cardiac sensor bandage 840 with at least two separable
sub-components. The exemplar system of FIG. 8B employs
a conformal cardiac sensor bandage 840 that includes
example EMG electrodes 842 disposed on or in an ultrathin
sticker 844. A conformal cardiac sensor unit 852 is disposed
on or in a skin adhesive 846. The EMG electrodes 842 are
communicatively coupled to the conformal cardiac sensor
unit 852 via an electrode connector 848. Similar to the
configuration presented in FIG. 8A, the rechargeable cardiac
sensor unit 852 of FIG. 8B can include at least one battery
850, at least one microprocessor, at least one memory, at
least one wireless communication module, and/or passive or
active circuitry. In this example, the average thickness of the
reusable patch is about 1 mm thick with lateral dimensions
of about 2 cm (wide) by about 10 cm (long). In other
examples, the patch can be configured to have other dimen-
sions, form factors, and/or aspect ratios (e.g., thinner,
thicker, wider, narrower, or many other variations).

[0084] FIG. 8C presents a possible location for placement
for a conformal cardiac sensor patch 800/bandage 840 on a
portion of a subject’s body (e.g., on the left forearm of a
human patient). The data gathered using placement of the
cardiac sensor system in this manner may be used to provide
cardiovascular data, physiological data, muscle activity data,
or other data that can be used alone or in combination with
other data to assess cardiac activity and conditions associ-
ated therewith. As described in greater detail below, the
conformal cardiac sensor patch can be used to provide
intermittent, systematic, real-time and/or continuous feed-
back on cardiac activity and/or other electrophysiological
measurements related to cardiac activity.

[0085] Turning next to FIG. 9A, there are shown some
other example placements of example conformal cardiac
sensor devices 902 and systems on the body of a human. As
shown in the example of FIG. 9A, a conformal cardiac
sensor patch/bandage/device can be placed at various loca-
tions on the body. In various example implementations, the
conformal cardiac sensor systems can be placed at various
locations on the body to measure the signal to noise ratio
associated with each sensor/location combination. The
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results of analysis of the data obtained from the measure-
ments at each placement position can be used to determine
an optimal location for obtaining a desirable signal to noise
ratio. FIG. 9B shows various illustrations of a human torso
(abdomen, thorax and shoulders), neck and chin with dif-
ferent anatomical locations where the example conformal
cardiac sensor devices/systems can be deployed for mea-
surements.

[0086] The example conformal electronics technology
herein can be designed and implemented with various
mechanical and electrical layouts for multifunctional plat-
forms. The example devices including the conformal elec-
tronics technology can be integrated with various stretchable
form factors using designs embedded in polymeric layers.
These can be formulated to protect the circuits from strain
and to achieve mechanical flexibility with ultra-thin profiles,
such as but not limited to thicknesses of about 1 mm on
average. In other examples, the patch can be configured with
thinner or thicker cross-sectional dimensions. The example
device architecture can include a reusable module contain-
ing surface-mount technology (SMT) components, includ-
ing ECG measuring components, accelerometer, wireless
communication, microcontroller, antenna, coupled with dis-
posable conformal electrode arrays for sensing EMG or
other electrical measurements (such as but not limited to
NCS and electroencephalogram (EEG) signals).

[0087] Processor-executable instructions development
(including software, algorithms, firmware, etc.) can be con-
figured to be specific for each platform using predicate
algorithms as the basis of signal processing. Filters and
sampling rates can be tuned and tested on rigid evaluation
boards and then implemented with flexible designs. The
example conformal cardiac sensors and conformal elec-
trodes according to the principles described herein can be
used, based on implementation of the processor-executable
instructions, for monitoring, e.g., cardiac activity at various
locations on the body, and/or analysis of data indicative of
measurements from the monitoring.

[0088] There a various example parameters that can be
taken by the conformal cardiac sensor devices, methods and
systems disclosed herein. Standard reference measurements
can be taken while one or more conformal cardiac sensors
is/are mounted to a subject. Fach condition can be repeated
to generate reproducibility data. Precision and reproducibil-
ity of sensor measurement output can be determined based
on, for example: (a) Pre-determined relative displacement of
ECG electrodes on body and strength of ECG signal; (b)
Body motion—X, Y, 7 axis acceleration waveform in G’s;
(c¢) Muscle activity—muscle motion ON/OFF and ON-to-
ON time. Optimal placement for each sensor can be deter-
mined, for example, for maximum signal detection. Optimal
co-location placement for two or more of the sensors can be
determined, for example, in a similar manner.

[0089] The example conformal cardiac sensors and con-
formal electrodes according to the principles described
herein can be used to measure ECG and other metrics of
cardiac activity (including a measure of heart rate and/or
other electrical activity related to cardiac activity), other
electrical activity, temperature, hydration level, neural activ-
ity, conductance, and/or pressure, with acceptable precision.
Acceptable precision can be defined as operationalized as a
high correlation (such as but not limited to rz0.8) of these
sensors with standard reference measurements of: electro-
cardiogram—a MAC 3500 12 Lead ECG Analysis System
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(GE Healthcare, A7, USA) 1, or similar; accelerometry—
such as, but not limited to, a Shimmer3® base module
(http://www.shimmersensing.com/) or similar or an external
image-based body monitoring; electromyogram—a Grass
P511AC, Amplifier (Grass Technologies, West Warwick,
R.I, USA), or similar.

[0090] An optimal placement for each conformal cardiac
sensor, including ECG electrodes, can be determined, for
example, to yield high-quality, precise and reliable measure-
ments. There can be at least one placement in which the
example conformal cardiac sensors and conformal elec-
trodes can be placed to yield precise and reliable measure-
ments.

[0091] For cardiac activity, subjects can be measured
while wearing one or more conformal cardiac sensors on
standard references (ECG electrodes). The system may
include a 3-axis accelerometer and/or EMG electrodes. The
conformal cardiac sensor can be placed at selected locations
on the body of the subject or other object to measure cardiac
activity of the subject. Standard reference measurements can
be taken while the conformal cardiac sensor is mounted.
Conformal cardiac sensor patches/bandages/devices can be
placed at selected body placement locations, including:
chest or other portion of torso, inside wrist, calf, front left
shoulder, rear left shoulder, left neck below the ear, and
forehead (e.g., as shown in FIGS. 7A, 7B, 9A and 9B). Each
condition can be repeated to generate reproducible data.
Subjects can be measured for a period of time. In an
example, the subject can be measured while performing a
sequence of activities/movements, e.g., sit down, walk, hand
movements, athletic activity, physical therapy movements,
or any other movement described below. Conformal cardiac
sensor and reference measurements can be analyzed to
provide information indicative of the desired result, includ-
ing the physical condition of the subject, the efficacy of a
treatment or therapy being performed on the subject, the
subject’s readiness for physical activity or exertion, or
proper cardiac condition for a sport or other exercise.
[0092] Example system, methods and devices are pro-
vided herein that can be used to estimate the sensitivity,
specificity, and/or positive and/or negative predictive values
of algorithm(s) from the conformal cardiac sensors to pre-
dict, for example but not limited to selected metrics of the
efficacy of a treatment or therapy being performed on the
subject. The feasibility or acceptability of subjects wearing
the conformal cardiac sensors can be monitored. Subjects’
cardiac activity can be monitored while wearing the con-
formal cardiac sensors disposed on a body part or other
object for a period of time (e.g., time on the order of minutes,
an hour, or a number of hours, while at rest or while carrying
out a series of motions, activities and/or tasks.

[0093] Presented in FIGS. 10A and 10B are examples of
different communication protocols that can be applied to any
or all of the conformal sensor devices, systems and methods
described herein. In the example of FIG. 104, a signal from
a conformal cardiac sensor patch 1002 of a cardiac moni-
toring system 1000 can be transmitted to an external
memory or other storage device, a network, and/or an
off-board computing device. The signal can include an
amount of data indicative of one or more measurements
performed by the example conformal sensor system and/or
analysis results from an analysis of the data. According to
the example of FIG. 10A, the conformal sensor system 1000
uses a Bluetooth® low energy (BLTE) communications link
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for on-body or on-object transmission to a Bluetooth®/
BLTE-enabled device 1006. In some implementations, small
amounts of data are transferred at low data rates, including
ECG measurements with timestamp information (or other
metadata). The data transmitted may also include current
peak accelerometry measurements (e.g., g value) with time-
stamp information (or other metadata) and/or EMG activity
(either turned ON or OFF) with timestamp information (or
other metadata). Non-limiting examples of the other meta-
data include location (e.g., using GPS), ambient air tem-
perature, wind speed, or other environmental or weather
condition. In another example accelerometer data can be
used to determine values of energy over time. In other
examples, data representative of physiological parameters or
other measures can be transferred with timestamp or other
metadata.

[0094] FIG. 10B shows another representative implemen-
tation and communication protocol where the signal is
transmitted with the conformal cardiac sensor patch 1102 of
the sensor system 1100 coupled to a charging platform 1104
at a designated location 1105. The conformal cardiac sensor
patch 1102 is fabricated with a power transfer coil 1906 to
facilitate charging with a charging coil and field 1108.
Bluetooth® low energy (BLTE) communications link 1110
provides for on-body or on-object transmission to a Blu-
etooth®/BLTE-enabled device 1112. The signal can be
transmitted to an external memory or other storage device,
a network, and/or an off-board computing device. In the
example of FIG. 10B, the conformal sensor system 1100 is
configured to use Bluetooth® enhanced data rate (BT EDR)
transmissions, at much higher data rates than BTLE, to
transmit the data signal. For example, the data signal can
include ECG data with timestamp information and/or other
metadata. Data signals may include raw accelerometery data
(X, Y. 7) with timestamp and/or EMG filtered waveform
data with timestamp information. In an example, the con-
formal cardiac sensor system can be maintain disposed on or
otherwise coupled to a charging platform while performing
the BT EDR transmissions, based on the high power require-
ments.

[0095] Following are non-limiting example implementa-
tions of conformal cardiac sensor systems, methods and
devices described herein. The example conformal sensor
system can be configured to include at least one sensor
component for performing the type of measurements
described, including at least one conformal sensor compo-
nent for measuring cardiac activity. The example conformal
sensor system can be configured to include at least one
sensor component for performing at least one other mea-
surements, including measurements of motion and/or
muscle activity, or other physiological measures of the body.
The example conformal sensor system can include any other
component described hereinabove, including at least one of
a battery, a microcontroller, a microprocessor, a memory,
wireless communication, active circuitry and passive cir-
cuitry. The example systems, methods and apparatus
described herein can be implemented in various example
implementations based on use of conformal cardiac sensors
for detection and/or analysis of cardiac activity.

[0096] In any example implementation, a system, a
method, or an apparatus can be configured to receive data
indicative of a measurement of the conformal cardiac sensor,
analyzing the data to provide information indicative of the
desired result, and store to a memory and/or transmit the
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data and/or the information. The desired result can be
information indicative of cardiac activity according to the
principles of any of the examples described herein. In some
examples according to the principles described herein, a
procedure may involve at least a portion of the data gath-
ered, or information related to analysis of the data, being
provided to a third party. i.e., to any person or entity other
than the subject wearing the sensor system. In these
examples, the example cardiac sensor system may be con-
figured to provide the data gathered, or information related
to analysis of the data, to the third party only with the prior
consent of the subject. Non-limiting examples of third
parties include a coach, a member of a coaching staff, a
physical therapist, a medical practitioner (including a doctor
or other sports medicine practitioner), a physical trainer, a
sports health practitioner, and the liked.

[0097] FIGS. 11-20 show non-limiting examples of imple-
mentations for any of the conformal cardiac sensor systems,
methods and devices disclosed herein. Turning to FIG. 11A,
for example, a conformal cardiac sensor system is config-
ured to track the degree of fatigue and/or readiness of a
subject. In this example, the conformal cardiac sensor sys-
tem can be used to measure heart rate variability (HRV).
HRV may be obtained by comparing different measures of
heart rate and determining the range of change in values
(e.g., as percentages or delta values). Any of the disclosed
conformal cardiac sensor devices/systems can be placed on
a portion of a subject, such as on a subject’s upper back or
front torso. In an example, the conformal cardiac sensor
system can be implemented to collect measurements of heart
rates during times of activity and during times of inactivity.
For example, as shown in FIG. 11A, the conformal cardiac
sensor system may include components for performing
measurements of resting, active and current heart rate and
movement/acceleration (activity). As shown in FIG. 11A,
the cardiac sensor system may be used to determine the
activity status of the subject (e.g., at rest, low-level activity,
moderate-level activity, high-level activity, etc.), the HRV of
the subject, and/or classify the state of readiness of the
subject, e.g., fatigued, ready for low-level activity, ready for
moderate-level activity, ready for high-level activity, full
readiness, etc., or in any other applicable classification. For
example, ECG data may be used to provide an indication of
heart rate, and accelerometer data may be used to provide an
indication of activity level. In an example, the conformal
cardiac sensor system can include a processing unit to
execute processor-executable instructions for comparing
data indicative of the heart rates during times of activity with
data indicative of the heart rates collected during times of
inactivity, or any other analysis described herein. The pro-
cessing unit may be used to execute processor-executable
instructions, including instructions stored in a memory, for
analysis of the comparison data. Measurements of the
example conformal cardiac sensor system can be used to
indicate the degree of fatigue or readiness of the subject. For
example, if the comparison data indicates a low HRV, the
analysis results may be used to indicate that the subject is in
a state of fatigue; if the comparison data indicates a high
HRYV, the analysis results may be used to indicate that the
subject is in a state of readiness.

[0098] As shown in FIG. 11A, a conformal cardiac sensor
device can be intimately coupled to the subject’s torso,
proximate to cardiac tissue. The example conformal cardiac
sensor system can be coupled to a display (such as a video
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graphical user interface (GUT)) to show output indications of
data collected and/or analysis results. For example, as shown
in FIG. 11A, a user interface of the cardiac sensor system
may be used to display an indication of the data gathered, the
activity status of the subject, the HRV of the subject, and/or
the readiness level classification of the subject. As a non-
limiting example, the results of FIG. 11A may be used by a
user preparing for a specific event or activity, such as but not
limited to an athletic event. For example, the example
cardiac sensor system may be used by, e.g., a coach, a
physical therapist, a medical practitioner, including a sports
medicine practitioner), a physical trainer, a sports health
practitioner, and/or a subject (including a professional ath-
lete, an amateur athlete, a hobbyist or other person about to
engage in an activity.

[0099] In the non-limiting example of FIG. 11B, the
subject is shown to be a sprinter at the starting blocks before
the start of a race or other athletic event. As shown in FIG.
11B, a user interface or other display of the cardiac sensor
system (e.g., of FIG. 11A) may be consulted to provide HRV
data or other analysis (or readiness classification) to deter-
mine the subject’s readiness for the event. For example, the
cardiac sensor system may be configured to compare HRV
values for maximum heart rate recorded during warm-ups to
heart rate measured immediately prior to the event. If the
comparison shows a difference that is larger than a certain
percentage range, then this may indicate that the subject’s
heart rate has slowed too much prior to the event. For
example, it may be preferable that a sprinter’s heart rate is
kept high between warm-up and start of the athletic event.
For example, maintaining a higher heart rate can ensure
rapid transport of blood throughout the body during the
event.

[0100] FIG. 12A shows another representative conformal
cardiac sensor system, method, or device that is configured
to track the overall fitness of a subject and, optionally, output
an indication thereof (e.g., via feedback component 109 of
FIG. 1B). For example, the subject’s fitness may be indi-
cated by a measure of conditioning and/or endurance. In this
instance, a conformal cardiac sensor system/device can be
used to measure heart rate variability (HRV) and/or motion
(as indicator of activity). The example conformal cardiac
sensor system can be placed on a portion of a subject, such
as a portion of the torso or other body part. In an example,
a conformal cardiac sensor can be implemented to collect
measurements of heart rates during times of activity and
during times of inactivity, such as described above-in con-
nection with FIG. 11A. As shown in FIG. 12A, the cardiac
sensor system may be used to determine the activity level of
the subject (e.g., daily step count, or activity level (low,
moderate, high), the heart rate (e.g., daily maximum, mini-
mum or average), and/or HRV. of the subject. The result of
the analysis can be a classification of the physical fitness of
the subject. For example, as shown in FIG. 12A, the cardiac
sensor system may provide an indication of classification of
the subject as out of shape (poor physical fitness), well-
conditioned, or extremely fit, or in any other applicable
classification. For example, ECG data may be used to
provide an indication of heart rate, and accelerometer data
may be used to provide an indication of activity level,
including step count. In an example, the conformal cardiac
sensor system can include a processing unit to execute
processor-executable instructions, e.g., for comparing data
indicative of the heart rates during times of activity with data
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indicative of the heart rates collected during times of inac-
tivity, for determining the averaged heart rates and/or aver-
age activity frequency, average HRV, average step count, or
any other analysis described herein. The processing unit may
be used to execute processor- executable instructions,
including instructions stored in a memory, for analysis of the
comparison data. FIG. 12A shows an example user interface,
which can be implemented an electronic video display
device, of the data gathered and/or the results of the analysis
described herein.

[0101] FIG. 12B shows an example a conformal cardiac
sensor system operable to determine an estimate of a sub-
ject’s VO2 max (also referred to as maximal oxygen con-
sumption, maximal oxygen uptake, peak oxygen uptake, or
maximal aerobic capacity) and, optionally, output an indi-
cation thereof (e.g., via feedback component 109 of FIG.
1B). For example, the cardiac sensor system can be config-
ured to determine values for VO2 max based on the cardiac
sensor measurements. The VO2 max provides an indication
of the maximum capacity of a subject’s body to transport
and use oxygen during incremental exercise, and can be used
as a measure of the physical fitness of the subject. For
example, ECG data may be used to provide an indication of
heart rate, and accelerometer data may be used to provide an
indication of activity level. At least one processing unit of
the example the conformal cardiac sensor system can be
configured to execute processor-executable instructions,
including instructions stored in a memory, for determining
the VO2 max, or for any other analysis of the data. FIG. 12B
shows an example graphical interface for displaying data
gathered using a conformal cardiac sensor, the VO2 max,
and/or any other information from the analysis. In this
non-limiting example, the data or other information is dis-
played as a graphical plot.

[0102] FIG. 13 shows yet anther example of a conformal
cardiac sensor systems that is designed to determine an
estimate of cardiovascular demand for an activity/subject
and, optionally, output an indication thereof (e.g., via feed-
back component 109 of FIG. 1B). The cardiac sensor system
may be configured to measure heart rate and motion data.
The cardiac sensor system may be configured to analyze the
data to determine a baseline for cardiovascular fitness of the
subject. For example, data analysis information can indicate
a subject’s cardiovascular capabilities, or degree of exertion
or intensity. For example, FIG. 13 illustrates a user interface
or other display device of a conformal cardiac sensor system
that is operable to indicate analysis information related to
resting average heart rate, active average heart rate, current
heart rate, and/or indications of activity level (movement).
As also shown in FIG. 13, the example conformal cardiac
sensor system can provide a recommendation of change in
activity level to a subject or a third party. For example,
during activity, the cardiac sensor system may be used to
instruct a subject to decrease a level of activity, or to
maintain or increase intensity of activity based upon their
cardiovascular fitness level. The cardiac sensor system may
be configured to analyze the data to determine to adjust the
baseline of cardiovascular fitness for the subject based on
performance.

[0103] Turning next to FIG. 14, there is show an example
of a conformal cardiac sensor system operable to assess and
provide an indication of energy expenditure (e.g., via feed-
back component 109 of FIG. 1B). The cardiac sensor system
is configured to measure heart rate and/or motion data. The
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cardiac sensor system then analyzes the data to determine an
indication of energy expenditure of the subject. For
example, the analysis may include determining an aggregate
dataset of heart rate, heart rate variability, and motion data
to provide a more comprehensive caloric computation (e.g.,
calories burned). Results of such analysis can provide a
more accurate indication of energy expenditure than devices
that account for only one of these metrics. As shown in FIG.
14, a user interface or other display of the conformal cardiac
sensor system is used to indicate analysis information
related to resting average heart rate, maximum and mini-
mum heart rate, HRV, number of steps, and/or indication of
activity level (movement).

[0104] Presented in FIG. 15 is an example of a conformal
cardiac sensor system configured to assess and provide an
indication of activity level (e.g., via feedback component
109 of FIG. 1B). The cardiac sensor system is configured to
analyze the cardiac and motion data to determine an indi-
cation of activity level of the subject. For example, the
analysis may include determining an aggregate dataset of
heart rate, heart rate variability and motion data to provide
a more comprehensive indication of activity level. The
results of this analysis can provide a more accurate indica-
tion of activity level than devices that account for only one
of these metrics. Shown in FIG. 15 is a user interface or
other display device of a conformal cardiac sensor system
that is used to indicate analysis information related to
average heart rate, current heart rate, and/or indication of
activity level (movement). In the example of FIG. 15, the
subject is engaging in low-level activity, i.e., writing or
typing quickly while the rest of his/her body is at rest. In this
example, the conformal cardiac sensor system is configured
to record measurements of the subject’s movement in con-
junction with heart rate (which is relatively low in this
example). Based on the analysis of data indicative of these
measurements, the system determines that the user is inac-
tive. The user interface or other display can be used to alert
the subject of the level of inactivity. In a medical context, the
alert may indicate to the user a level of activity to be reached
in order to meet, e.g., a medical prescribed level of activity.

[0105] FIG. 16 is illustrative of a representative conformal
cardiac sensor systems operable to assess and provide an
indication of a subject’s quality of sleep (e.g., via feedback
component 109 of FIG. 1B). The cardiac sensor system in
this example is configured to analyze measurement data
indicative of heart rate and/or movement to determine the
indication of quality of sleep. For example, the analysis may
include determining an aggregate dataset of heart rate, heart
rate variability, and motion data to report a more compre-
hensive indication of sleep quality. Analysis results help to
provide a more accurate indication of activity level than
devices that account for only a single metric. For example,
the system may be configured to compare data indicative of
two or more metrics to determine when the subject is simply
moving in their sleep and not interrupting rapid eye move-
ment (REM) sleep, or when the subject’s movement is
actually interrupting REM sleep. Interrupted REM sleep
may hamper the quality of the subject sleep. Similar to those
shown in FIGS. 11-15, the system of FIG. 16 includes a
graphical user interface or other display device to provide a
graphical representation of heart rate, movement, and/or a
comprehensive indication of the quality of sleep.

[0106] Looking next at FIG. 17, there is shown a confor-
mal cardiac sensor system that is configured to assess and
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provide an indication of anxiety and/or stress of a test
subject (e.g., via feedback component 109 of FIG. 1B). The
cardiac sensor system is configured to analyze measurement
data indicative of heart rate (including ECG data) and/or
movement to determine the indication of anxiety and/or
stress. For example, the analysis may include determining an
aggregate dataset of heart rate, heart rate variability and
motion data, an aggregate dataset of heart rate, heart rate
variability and motion data to determine anxiety rates and/or
stress. By way of non-limiting example, heart beats associ-
ated with anxiety or stress traits can be characterized by
anatomizing periods of inactivity (as indicated by acceler-
ometer data) that are associated with a rise in heart rate
above a certain amount or percentage (as indicated by heart
rate data) and evaluating the quality of that heart beat. As
depicted in FIG. 17, a widely varying heart rate (here,
represented by ECG data) as compared to low-varying
movement (here, represented by accelerometer data). Such
analysis result may provide a more accurate indication of
anxiety and/or stress.

[0107] FIG. 18 shows an example of a conformal cardiac
sensor system operable to provide an indication of heart
plasticity and/or heart abnormality and, optionally, output-
ting an indication thereof (e.g., via feedback component 109
of FIG. 1B). The cardiac sensor system may be configured
to analyze the heart rate data to determine the indication of
heart plasticity and/or abnormality of the subject. For
example, the analysis may include detecting arrhythmia,
tachycardia, fibrillation and/or bradycardia during con-
trolled testing conditions and/or environments. If the sub-
ject’s activity is controlled, the data gathered can be ana-
lyzed to discem the impact of the activity on the sinus
arrhythmia and the physical impact to the heart. As shown
in FIG. 18, a graphical user interface or other electronic
display device of the conformal cardiac sensor system is
used in conjunction with the sensor unit to monitor and
display the subject’s performance and/or heart rate data
remotely. In an example, the data gathered may be provided
to a third party, e.g., a health or medical practitioner or
provider. The conformal cardiac sensor system may include
remote sensing capabilities, such that a third party is able to
remotely monitor the subject’s performance and/or heart rate
data. For example, the data or analysis information may be
sent to the subject’s electronic health record(s).

[0108] FIG. 19 shows yet another representative confor-
mal cardiac sensor system that is configured to provide heart
rate monitoring and, optionally, outputting an indication
thereof (e.g., via feedback component 109 of FIG. 1B).
According to this implementation, information related to the
heart rate monitoring is used to inform the timing and/or
improve the quality of a subject’s decision making capabil-
ity based on an analysis of the subject’s condition. For
example, a subject’s decision making capability may be
impaired if the subject is under stress and/or anxiety. The
cardiac sensor system may be configured to analyze heart
rate data and/or accelerometer data to provide heart rate
monitoring. For example, analysis of the heart rate and/or
accelerometer data is used to provide the subject or a third
party with an indication of, e.g., time periods when the
subject is under abnormal circumstances causing stress
and/or anxiety. In an example, the cardiac sensor system is
configured to provide an indication to a user to execute or
withhold decision making at points of high levels of stress
and/or anxiety (e.g., exceed predetermined threshold level),
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as indicated by the data analysis. For example, the subject
may be a businessperson making a decision of great mag-
nitude for his /her organization. Based on an analysis of the
subject’s levels of stress and/or anxiety, the subject may
determine that the decision making should be performed in
isolation from the potential stressors (including any external
stressors). FIG. 19 shows examples of screen prompts on a
graphical user interface (or other electronic display device)
of a conformal cardiac sensor system in a decision readiness
application. The system may include an example recom-
mendation engine. The recommendation engine may per-
form an algorithm (and associated methods), using the
gathered data and/or analysis information, to provide the
indication of decision making readiness. The example rec-
ommendation engine may be configured to indicate whether
a user is ready or not ready to make a decision, based on the
data analysis. The system may be configured to use a series
of inputs, including user input text or other data, user input
risk value, and longitudinal heart rate trends, to provide the
indication of the quality of the subject’s decision making
capability. As depicted in the example of FIG. 19, the
indication may be displayed as a sliding scale of risk level,
an indication of readiness for decision making, and/or an
analysis of trends.

[0109] With reference to FIG. 20, there is shown a con-
formal cardiac sensor system for providing an indication of
the effect of an activity type and, optionally, outputting an
indication thereof (e.g., via feedback component 109 of FIG.
1B). As a non-limiting example, information related to heart
rate monitoring may be used to indicate if the activity is
serving as an aerobic exercise type or an anaerobic exercise
type. For example, during physical exertion, the cardiac
sensor system may be configured to determine whether the
subject’s fat reserves or glucose reserves are being utilized
(an indication of whether or not the Krebs Cycle is acti-
vated). The physical exertion may be associated with exer-
cise and/or general activity. Non-limiting examples of the
physical exertion include running and/or walking on a
treadmill, or biking on a stationary bike. FIG. 20 shows
examples of screens on a user interface (or other display) of
the conformal cardiac sensor system, that provide informa-
tion during exercise based on the user’s goal in weight loss.
For example, based on measurements of heart rate data, the
user interface (or other display) may provide recommenda-
tions for the user to maintain a certain heart rate to stay in
a fat burning zone. As another example, based on measure-
ments of heart rate data, the user interface (or other display),
it may be determined that the heart rate is too low, and the
system provides a prompt to the user to increase exercise
pace. If it is determined that the heart rate is too high, the
system may provide a prompt to the user to reduce exercise
pace.

[0110] Next, FIG. 21 shows an example conformal cardiac
sensor system that is operable for detection of a fall or other
rapid movement. The example conformal cardiac sensor
system can include an ECG, an accelerometer, and a trigger.
In an example implementation, the conformal cardiac sensor
system can be configured to monitor a subject’s condition.
Once there is an indication that there may have been a fall
or other rapid movement, e.g., determined based on accel-
erometer data, the trigger can cause the system to activate
the ECG measurement component(s). Such ECG measure-
ments can be analyzed to provide an indication of the
subject’s condition. In an example, the system can be
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configured to issue an alert (e.g., via feedback component
109 of FIG. 1B) if the ECG data indicates that the subject
may have experienced an adverse effect from the all or other
rapid movement. In an example, elderly care or invalid care
can be improved by using a conformal cardiac sensor system
that includes fall or rapid movement detection sensors in
conjunction with ECG electrodes to monitor the vital signs
and activities of subjects. In an example, the conformal
cardiac sensor system can be configured to capture of
physiological data related to the subject and/or communicate
of this information to the subject or a third party. As a
non-limiting example, the third party can be the subject’s
doctor, or caregiver, or other medical or health practitioner.
In an example, the system can be configured to transmit an
alert or other indication to a third party when the subject
experiences the fall or rapid movement. In an example, the
conformal cardiac sensor systems can be configured as a
wearable patch that is substantially mechanically invisible
(i.e,, least cumbersome), and mounted to the subject to
promote a high level of adherence. In an example, the
conformal cardiac sensor system can be configured to pro-
vide data sets of a least amount of false positives or
negatives.

[0111] As depicted in the example of FIG. 21, the confor-
mal cardiac sensor system may be configured to determine
the type of fall or rapid movement based on the data
measurement, e.g., accelerometer data. For example, a fall
can occur along either the sagittal or coronal planes. A fall
along the sagittal plane can occur forward or backward,
whereas falls along the coronal plane are lateral falls, i.e., to
the right to left. An example conformal cardiac sensor
system that includes a tri-axis accelerometer, and is disposed
proximate to the chest or other portion of the torso, can be
used to detect sudden falls or other rapid movement, impact
and/or recovery. In an example, during a recovery phase, it
can be beneficial to track the vital signs of a subject for quick
assessment of the subject’s status (for example, for ambu-
latory assessment). Non-limiting examples of the vital signs
include heart rate and/or ECG.

[0112] In a non-limiting example, any of the example
conformal cardiac sensor system can be maintained in sleep
mode when no measurements are being made. If the accel-
erometer measurement indicates that a threshold or other
specified value is exceeded, potentially indicating a fall
event or other rapid movement, the microcontroller can be
triggered to be turned “ON”, along with an ECG recording
sensor. In an example a communication component, such as
but not limited to a Bluetooth® module, also may be
triggered. The ECG measurements can be taken until either
the ECG recording sensor is turned “OFF” or the power
source loses energy below a threshold value (e.g., a battery
runs out). The ECG measurements may be stored locally on
a memory of the system age and/or communicated to an
external storage (e.g., using data streaming) until the ECG
recording sensor is turned “OFF” or the power source loses
energy below a threshold value.

[0113] FIG. 22 is a flowchart illustrating a non-limiting
example of an algorithm or sequence of operations or a
method 2000 of the components of an example conformal
cardiac sensor system. The method presented in FIG. 22 can
be carried out, for example, by one or more or all of the
conformal cardiac sensor devices, apparatuses and systems
disclosed hereinabove and below. At block 2001, a fall or a
rapid/uncontrolled movement occurs. Responsive to detec-
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tion of a fall or other rapid/uncontrolled movement, a time
of impact can be recorded at block 2003 and accelerometer
measurements may be taken (gravitational measures) at
block 2005. If an acceleration measurement is above a
threshold, the method 2000 proceeds to block 2007 with the
onset of ECG measurement recording can be initiated. Data
indicative of the acceleration measure and/or the ECG
measurement may be stored to a memory or transmitted to
an external computing device (as depicted in FIG. 22 at
block 2009). In another example, the system can be config-
ured to transmit an alarm or other form of alert, based on the
acceleration measure and/or the ECG measurement, to an
external computing device, as seen at block 2011.

[0114] Tllustrated in FIG. 23 is an example layout of
components of an example conformal cardiac sensor system
2100 that can be used to perform any of the example
methods and operations and algorithms described herein.
The example conformal cardiac sensor system 2100 includes
an accelerometer 2110, a processor 2112, a memory 2114, a
battery 2116, an ECG component 2118, an antenna 2120, a
communication component 2122 and an alarm component
2124.

[0115] FIG. 24 shows some representative measurements
that can be taken using an ECG component of an example
conformal cardiac sensor system. The measurements show a
wave pattern of electrical signals indicative of cardiac
activity. The indicated interval (Atl, At2, At3) can be ana-
lyzed to provide an indication of heart rate, HRV, or the
information related to cardiac activity which can optionally
be output to the user (e.g., via feedback component 109 of
FIG. 1B).

[0116] Inanother example, the example conformal cardiac
sensor systems can be used for monitoring heart rate vari-
ability in a subject having Parkinson’s disease and, option-
ally, output an indication thereof (e.g., via feedback com-
ponent 109 of FIG. 1B). In this example, the conformal
cardiac sensor systems may be mounted to the chest or other
portion of the torso of the subject. In an example, the
conformal cardiac sensor system may be placed directly on
the sternum. Parkinson’s disease can cause dysfunction of
the autonomic cardiovascular system, which can be detected
based on analysis of data indicative of heart rate variability.
This dysfunction can be more pronounced in subjects with
more severe forms of Parkinson’s disease. The example
conformal cardiac sensor system can be configured to moni-
tor the R-R variability, where the R-R is derived based on a
measure of the time interval between QRS deflections in the
ECG measurements. In an example, it may be determined
based on the analysis results that the Parkinson’s subject is
experiencing abnormal movement or breathing. In the event
of determination of abnormal movement or breathing, an
alert or other indication may be displayed on a display of the
system or communicated externally. In an example, the alert
or other indication may be transmitted to an external com-
puting device, such as but not limited to a smartphone. The
example conformal cardiac sensor system can be configured
such that detection of abnormal movement or breathing
causes the system to in turn trigger the recording of ECG
measurements.

[0117] FIG. 25 is a flowchart of an example implementa-
tion or method 2200 of a conformal cardiac sensor system.
The method presented in FIG. 25 can be carried out, for
example, by one or more or all of the conformal cardiac
sensor devices, apparatuses and systems disclosed herein-
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above and below. At block 2201, heart rate/ECG measure-
ments are taken of a subject to which the conformal cardiac
sensor system is coupled. An algorithm (and associated
methods) is run to compute the heart rate variability at block
2203. The measurement and determination of HRV is con-
ducted over a set period of time, e.g., at block 2205. An
alarm is sent at block 2207 to an external computing device
if the data analysis indicates abnormal breathing. At block
2209, the alert is also provided to a user to modify the
breathing of the subject. The HRV is computed in a feedback
loop at block 2211. If the data analysis indicates that the
breathing is unstable, the user is once again alerted to
modify breathing and the HRV is computed once again. If
the data analysis and HRV computation indicates that the
breathing is stable, the conformal cardiac sensor system is
allowed to return to a dormant mode (e.g., to go to a sleep
mode) at block 2213. In an example, the procedure of the
feedback loop may be performed with administration, e.g,,
of a pharmaceutical drug, biologic, or other therapy, to the
subject. If the computed HRV indicates that the HRV is
stable, the administration may be discontinued. In another
example, no administration is performed until the system
determines that the HRV is stable.

[0118] Inanother example, the example conformal cardiac
sensor systems can be used for monitoring heart rate vari-
ability in Parkinson’s disease to provide a potential alert of
conditions that can lead to heart failure (e.g., via feedback
component 109 of FIG. 1B). A HRV decrease in a Parkin-
son’s disease subject can be used as an indicator of reduced
motor activity. A decrease in HRV may be used as a marker
of cardiovascular dysautonomia. An example conformal
cardiac sensor system can be configured to perform con-
tinuous motor activity monitoring (e.g., using recorded
and/or standardized motor activity monitoring) and ECG
activity monitoring. The data can be analyzed to provide an
indication of motor complications in tandem with electro-
cardiogram activity. As an example, analysis of data gath-
ered can be used to indicate sudden changes in heart rate or
lack of variability. In Parkinson’s subjects, such data or
analysis results can be tracked (including being stored or
transmitted) during medication cycles to determine proper
dosage and to reduce risks of heart failure in the Parkinson’s
subject.

[0119] In another example, the example conformal cardiac
sensor systems can be used as a cardiac arrhythmia sensing
device. In this example, the conformal cardiac sensor system
may be used as a cardiac monitor for identifying suspected
arrhythmias in a subject based on cardiac data gathered and,
optionally, output an indication thereof (e.g., via feedback
component 109 of FIG. 1B). In a difficult-to-diagnose sub-
ject, continual or longer-term monitoring of cardiac rhythm
can be beneficial. The example conformal cardiac sensor
system can be configured to detect the presence of atrial
arrhythmias, including asymptomatic episodes, or to moni-
tor the amount of time a subject is in atrial fibrillation (AF)
to assess whether medical treatment should be administered.

[0120] Inanexample, a subject may be administered, e.g,,
a pharmaceutical drug or biologic or other therapy (e.g., via
therapeutic component 108 of FIG. 1B). The example con-
formal cardiac sensor system can be configured to detect
heart palpitations or murmur side effects induced by the
substance being administered. The example conformal car-
diac sensor system can be disposed on a torso or other
portion of a subject, and used to capture ECG data, con-
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tinually, continuously or at regular intervals, during an
actual episode. Information based on the measurements may
be analyzed, including any such information stored in a
memory or transmitted, to determine whether the episodes
are caused by abnormal rhythms, such as but not limited to
a Holter counter.

[0121] In an example, the example conformal cardiac
sensor system may be configured to determine an effect of
regulating heart rate on BP/hypertension using continuous
monitoring: a subject with pre-hypertension can be at risk of
hypertension and cardiovascular diseases. Efficient interven-
tions may not be accomplished if continuous monitoring of
irregular heart rate is not well characterized. Studies indicate
that heart rate variability-biofeedback (HRV-BF) increases
HRV and baroreflex sensitivity (BRS), as well as reduces
related pathological symptoms. Such a result suggests the
potentially beneficial effects of HRV-BF on prehypertension.
However, little is known about these effects. These effects
can be investigated using the example conformal cardiac
sensor system according to the principles herein, by config-
uring the system to track heart rate variability and, option-
ally, output an indication thereof (e.g., via feedback com-
ponent 109 of FIG. 1B). The effective outcome of tracking
HRV is to elucidate the mechanism of pre-hypertension,
which can be strongly correlated with HRV. These effects
suggest that HRV-BF, a novel behavioral neurocardiac inter-
vention, could enhance reduce BP, by improving the cardiac
autonomic tone, and facilitate BP adjustment for individuals
with prehypertension.

[0122] In the example of FIG. 26, the example conformal
cardiac sensor system can be used to track sleep disordered
breathing and, optionally, output an indication thereof (e.g.,
via feedback component 109 of FIG. 1B). When a subject
with sleep-disordered breathing has a breathing disorder
event, there can an autonomic arousal associated with a brief
awakening. The subject may then resume normal breathing,
and fall back to sleep. This repeated awakening can be
associated with a repeated increase in heart rate, which
returns to baseline when the subject falls back asleep. An
example conformal cardiac sensor system can be configured
to track these events by measuring R-R intervals, based on
QRS detection algorithms (used to model the combination of
three of the graphical deflections in the ECG). This mea-
surement can be coupled with accelerometer measurements
(e.g., indicating changes in chest movements) induced by
breathing, can be correlated with the onset of sudden events
of sleep apnea. The information obtained based on this data
analysis can be used for continuous monitoring of a subject
with sleep apnea during their sleep cycles. The low profile
of the conformal cardiac sensor system makes it attractive
for use and adherence to a portion of a subject with sleep
apnea.

[0123] An example conformal cardiac sensor system can
be used for determining heart rate or activity. An example
conformal cardiac sensor system can include an accelerom-
eter component and an ECG component. The system may
also include optical sensor components and/or ECG com-
ponents, e.g., where the system is disposed proximate to the
chest, to provide measures for use in the analysis

[0124] In an example implementation, the conformal car-
diac sensor system can be configured to determine a sub-
ject’s heart rate variability based on the sensor measured
data values and output an indication thereof (e.g., via
feedback component 109 of FIG. 1B). The information
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representative of heart rate variability can be used as an
indicator of subject fatigue or readiness.

[0125] An example conformal cardiac sensor system
herein can be used to determine an individual’s overall
cardiac readiness and output an indication thereof (e.g., via
feedback component 109 of FIG. 1B). For example, a
determination of high variability of an individual’s cardiac
readiness can be used as an indication that the subject is in
good or better physical fitness than an average individual; a
determination of low variability can be taken as an indica-
tion that the individual is at a worse physical fitness level
than an average individual.

[0126] In an example implementation, the conformal car-
diac sensor system can be configured to detect a pattern of
cardiac activity (including heart rate) that is indicative of a
specific cardiac event. For example, the conformal cardiac
sensor system can be configured to determine the occurrence
of the specific event by comparing cardiac sensor measure-
ments of a patient to a standard for the cardiac event. The
standard can be a simulated signal curve or a composite
signal based on prior recorded measurement at previous
incidents of the specific event, e.g., recordings from the
same subject and/or other subject experiencing the specific
event.

[0127] In an example implementation, the conformal car-
diac sensor system can be configured to measure heart rate
variability and analyze the data to provide an indicator (e.g.,
via feedback component 109 of FIG. 1B) of overall physical
fitness of a subject for specific type of conditioning, such as
endurance for a physical activity. An optical sensor compo-
nent or ECG component of the system can be used to
provide additional data measures for use in the analysis. In
this example, the cardiac sensor may be configured to
pattern match to each individual subject’s condition, such
that deviations from a set of measurement profiles can be
used as indicators of loss of desired physical conditioning.
For example, the cardiac sensor can be configured to deter-
mine a baseline for a subject’s heart rate variability as a
point of comparison to alert a users (including a subject, or
a third party with consent, such as a coach or medical
practitioner) if the subject’s measurements deviate from an
desired range of norms. For example, the cardiac sensor can
be configured to determine values for VO2 max (also
referred to as maximal oxygen consumption, maximal oxy-
gen uptake, peak oxygen uptake or maximal aerobic capac-
ity), based on the cardiac sensor measurements. The VO2
max provides an indication of the maximum capacity of a
subject’s body to transport and use oxygen during incre-
mental exercise, and can be used as a measure of the
physical fitness of the subject.

[0128] In an example implementation, the conformal car-
diac sensor system can be configured to measure heart rate,
coupled with measures of motion, analyze the results, and
provide an indicator of exertion and/or intensity of a subject
(e.g., via feedback component 109 of FIG. 1B). For
example, the analysis can be used to provide an indicator of
a subject body’s cardiovascular demands and capabilities.

[0129] In an example implementation, the conformal car-
diac sensor system can be configured to measure heart rate,
coupled with measures of motion, and provide an indicator
of the subject’s energy expenditure (e.g., via feedback
component 109 of FIG. 1B), resulting in a more accurate
calorie computation as a result of more robust data sets. In
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an example, the sensor can be configured to combine mea-
sures of heart rates, hear rate variability and accelerometry.
[0130] In an example implementation, the conformal car-
diac sensor system can be configured to measure heart rate,
coupled with measures of motion, to provide an indicator of
a subject’s activity level (e.g., via feedback component 109
of FIG. 1B). For example, through analysis of sensor mea-
surement data, the subject’s precise level of activity can be
estimated. For example, if a user’s measured value of
acceleration is intense and the measured values for heart rate
are not increasing, it may be determined that the user is
almost complete rest but also engaging in very low-exertion
activity, e.g., writing, or typing.

[0131] In an example implementation, the conformal car-
diac sensor system can be configured to measure heart rate,
coupled with measures of motion, to provide an indicator of
a subject’s quality of sleep (e.g., via feedback component
109 of FIG. 1B). For example, comparisons of accelerom-
eter measurement data and heart rate measurement data can
be used to determine if a subject is simply moving during the
night without interruption of REM sleep or actually expe-
riencing interruption of REM sleep, and as a result losing
quality of rest and/or sleep.

[0132] In an example implementation, the conformal car-
diac sensor system can be configured to measure heart rate,
and based on analysis of the results, provide an indication of
subject level of anxiety (e.g., via feedback component 109
of FIG. 1B). For example, the system can be configured to
cross-reference heart rate data with data from the acceler-
ometer to determine whether there is a significant variation
in a subject’s activity, and whether there is a significant
increase in heart rate. Based on this analysis, the system can
determine the quality of the subject’s heart beat, to detect
heart beat consistent with indication of changing levels of
anxiety. The data may also be analyzed to determine heart
rate for an indicator of stress.

[0133] In an example implementation, the conformal car-
diac sensor system can be configured to measure heart rate
and use an analysis of the results for detection of heart
plasticity and abnormalities, including arrhythmia, tachycar-
dia, fibrillation, and bradycardia. Feedback can be provided
to a user (e.g., via feedback component 109 of FIG. 1B)
regarding such conditions. An optical sensor component or
ECG component of the system can be used to provide
additional data measures for use in the analysis. The
example system can be implemented under controlled sce-
narios, since some uncontrolled events may impact heart
rate and potentially cause the analysis to indicate the uncon-
trolled event rather than the abnormality condition. For
example, the user’s activity may have an impact of sinus
arrhythmia, or a physical impact to the heart.

[0134] In an example implementation, the conformal car-
diac sensor system can be configured to measure heart rate
and provide information that can assist in decision making
regarding the timing of heart activity and/or quality of heart
function. For example, analysis of heart rate and acceler-
ometry measurement data may be used to provide a user
with an indication of periods of time that the user (or user’s
heart) is under abnormal circumstances, and when the indi-
vidual should consider waiting before making a decision,
e.g., in a military, highly physical, or stressful business
situation.

[0135] In an example implementation, the conformal car-
diac sensor system can be configured to provide an indica-
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tion (e.g., via feedback component 109 of FIG. 1B) of the
subject’s regime during physical activity, whether the physi-
cal activity causes the subject to be in an aerobic regime or
anaerobic regime. An optical sensor component or ECG
component of the system can be used to provide additional
data measures for use in the analysis. For example, an
anaerobic regime may be more desirable, since this is when
fat is being burned, as opposed to glucose (aerobic regime),
during activity. For example, the system can be implemented
to determine a subject’s condition under constant physical
exertion, such as but not limited to, running/walking on a
treadmill, or biking on a stationary bike.

[0136] In an example implementation, the conformal car-
diac sensor system can be configured to maintain a low-
power status at a time that no measurement is being per-
formed. In an example, the conformal cardiac sensor system
can be configured with a low-power on- board energy
supplying component (e.g., a low-power battery). In an
example, the conformal cardiac sensor system can be con-
figured with no on-board energy component, and energy
may be acquired through inductive coupling or other form of
energy harvesting. In these example implementations, the
cardiac sensor component(s) may be maintained substan-
tially dormant, in a low-power state, or in an OFF state, until
a triggering event occurs. For example, the triggering event
can be that the body part or object, to which the system is
coupled of disposed on, undergoes motion (or where appli-
cable, muscle activity) above a specified threshold range of
values or degree. Examples of such motion could be move-
ment of an arm or other body part, such as but not limited
to a bicep or quadriceps movement during physical exertion,
a fall (e.g., for a geriatric patient), or a body tremor, e.g., due
to an epileptic incident, a Palsy, or Parkinson’s. Other
examples of such motion could be movement of the object,
e.g., a golf club swing, movement of a ball, etc. In another
example, the conformal cardiac sensor system may include
a near-field component (NFC), and the triggering event may
be registered using the NFC component. In other examples,
the triggering event may be a sound or other vibration, a
change in light level (e.g, a LED) or a magnetic field,
temperature (e.g., change in external heat level or blood
rushing to an area), or an EEG, a chemical or a physiological
measure (e.g., environment pollen or pollution level, or
blood glucose level). In an example, the triggering event
may be initiated at regular time intervals. The system can be
configured such that occurrence of the triggering event
causes triggering of the microcontroller; the microcontroller
then be configured to cause activation of the ECG, the
accelerometer and/or the EMG component, or other sensor
component, of the conformal cardiac sensor system to take
a measurement.

[0137] In an example implementation, the conformal car-
diac sensor system may include one or more components
(e.g., therapeutic component 108 of FIG. 1B) for adminis-
tering or delivering an emollient, a pharmaceutical drug or
other drug, a biologic material, or other therapeutic material.
In an example, the components for administering or delivery
may include a nanoparticle, a nanotube, or a microscale
component. In an example, the emollient, pharmaceutical
drug or other drug, biologic material, or other therapeutic
material may be included as a coating on a portion of the
conformal sensor system that is proximate to the body part.
On occurrence of a triggering event (such as any triggering
event described hereinabove), the conformal cardiac sensor
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system can be configured to trigger the delivery or admin-
istering of the emollient, drug, biologic material, or other
therapeutic material. The occurrence of the triggering event
can be a measurement of the ECG, the accelerometer, and/or
the EMG or other sensor component. On the triggering
event, the microcontroller can be configured to cause acti-
vation of the one or more components (e.g., therapeutic
component 108 of FIG. 1B) for the administering or deliv-
ery. The delivery or administering may be transdermally. In
some examples, the amount of material delivered or admin-
istered may be calibrated, correlated or otherwise modified
based on the magnitude of the triggering event, e.g., where
triggering event is based on magnitude of muscle move-
ment, a fall, or other quantifiable triggering event. In some
examples, the system can be configured to heat a portion of
the body part, e.g., by passing a current through a resistive
element, a metal, or other element, that is proximate to the
portion of the body part. Such heating may assist in more
expedient deliver or administering of the emollient, drug,
biologic material, or other therapeutic material to the body
part, e.g., transdermally.

[0138] In an example implementation, the conformal car-
diac sensor system may include one or more components
(e.g., therapeutic component 108 of FIG. 1B) for adminis-
tering or delivering insulin, insulin-based or synthetic insu-
lin-related material. In an example, the insulin, insulin-based
or synthetic insulin-related material may be included as a
coating on a portion of the conformal sensor system that is
proximate to the body part. On occurrence of a triggering
event (such as any triggering event described hereinabove),
the conformal cardiac sensor system can be configured to
trigger the delivery or administering of the insulin, insulin-
based or synthetic insulin-related material. The occurrence
of the triggering event can be a measurement of the ECG,
accelerometer, and/or the EMG or other sensor component.
On the triggering event, the microcontroller can be config-
ured to cause activation of the one or more components for
the administering or delivery of the insulin, insulin-based or
synthetic insulin-related material. The delivery or adminis-
tering may be transdermally. The amount of material deliv-
ered or administered may be calibrated, correlated or oth-
erwise modified based on the magnitude of the triggering
event, (e.g., blood glucose level).

[0139] While various inventive embodiments have been
described and illustrated herein, those of ordinary skill in the
art will readily envision a variety of other means and/or
structures for performing the function and/or obtaining the
results and/or one or more of the advantages described
herein, and each of such variations and/or modifications is
deemed to be within the scope of the inventive embodiments
described herein. More generally, those skilled in the art will
readily appreciate that all parameters, dimensions, materials,
and configurations described herein are meant to be
examples and that the actual parameters, dimensions, mate-
rials, and/or configurations will depend upon the specific
application or applications for which the inventive teachings
is/are used. Those skilled in the art will recognize, or be able
to ascertain using no more than routine experimentation,
many equivalents to the specific inventive embodiments
described herein. It is, therefore, to be understood that the
foregoing embodiments are presented by way of example
only and that inventive embodiments may be practiced
otherwise than as specifically described. Inventive embodi-
ments of the present disclosure are directed to each indi-
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vidual feature, system, article, material, kit, and/or method
described herein. In addition, any combination of two or
more such features, systems, articles, materials, kits, and/or
methods, if such features, systems, articles, materials, kits,
and/or methods are not mutually inconsistent, is included
within the inventive scope of the present disclosure.
[0140] The above-described embodiments of the invention
may be implemented in any of numerous ways. For
example, some embodiments may be implemented using
hardware, software or a combination thereof When any
aspect of an embodiment is implemented at least in part in
software, the software code may be executed on any suitable
processor or collection of processors, whether provided in a
single device or computer or distributed among multiple
devices/computers.

[0141] Also, the technology described herein may be
embodied as a method, of which at least one example has
been provided. The acts performed as part of the method
may be ordered in any suitable way. Accordingly, embodi-
ments may be constructed in which acts are performed in an
order different than illustrated, which may include perform-
ing some acts simultaneously, even though shown as sequen-
tial acts in illustrative embodiments.

[0142] The indefinite articles “a” and “an,” as used herein
in the specification, unless clearly indicated to the contrary,
should be understood to mean “at least one.”

[0143] The phrase “and/or,” as used herein in the speci-
fication, should be understood to mean “either or both” of
the elements so conjoined, i.e., elements that are conjunc-
tively present in some cases and disjunctively present in
other cases. Multiple elements listed with “and/or” should
be construed in the same fashion, i.e., “one or more” of the
elements so conjoined. Other elements may optionally be
present other than the elements specifically identified by the
“and/or” clause, whether related or unrelated to those ele-
ments specifically identified. Thus, as a non-limiting
example, a reference to “A and/or B”, when used in con-
junction with open-ended language such as “comprising”
can refer, in one embodiment, to A only (optionally includ-
ing elements other than B); in another embodiment, to B
only (optionally including elements other than A); in yet
another embodiment, to both A and B (optionally including
other elements); etc.

[0144] As used herein in the specification, “or” should be
understood to have the same meaning as “and/or” as defined
above. For example, when separating items in a list, “or” or
“and/or” shall be interpreted as being inclusive, i.e., the
inclusion of at least one, but also including more than one,
of a number or list of elements, and, optionally, additional
unlisted items. Only terms clearly indicated to the contrary,
such as “only one of” or “exactly one of,” or “consisting of,”
will refer to the inclusion of exactly one element of a number
or list of elements. In general, the term “or” as used herein
shall only be interpreted as indicating exclusive alternatives
(i.e. “one or the other but not both”) when preceded by terms
of exclusivity, such as “either,” “one of,” “only one of,” or
“exactly one of.”

[0145] As used herein in the specification, the phrase “at
least one,” in reference to a list of one or more elements,
should be understood to mean at least one element selected
from any one or more of the elements in the list of elements,
but not necessarily including at least one of each and every
element specifically listed within the list of elements and not
excluding any combinations of elements in the list of
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elements. This definition also allows that elements may
optionally be present other than the elements specifically
identified within the list of elements to which the phrase “at
least one” refers, whether related or unrelated to those
elements specifically identified. Thus, as a non-limiting
example, “at least one of A and B” (or, equivalently, “at least
one of Aor B,” or, equivalently “at least one of A and/or B*)
can refer, in one embodiment, to at least one, optionally
including more than one, A, with no B present (and option-
ally including elements other than B); in another embodi-
ment, to at least one, optionally including more than one, B,
with no A present (and optionally including elements other
than A); in yet another embodiment, to at least one, option-
ally including more than one, A, and at least one, optionally
including more than one, B (and optionally including other
elements); etc.

[0146] While particular embodiments and applications of
the present disclosure have been illustrated and described, it
is to be understood that the present disclosure is not limited
to the precise construction and compositions disclosed
herein and that various modifications, changes, and varia-
tions can be apparent from the foregoing descriptions with-
out departing from the spirit and scope of the invention as
defined in the appended claims.

What is claimed:

1. A conformal cardiac sensor device for analyzing car-
diac activity of a user, the conformal cardiac sensor device
comprising:

at least one flexible substrate configured to couple to the

user;

at least one heart sensor component embedded on or

within the at least one flexible substrate, the at least one
heart sensor component being configured to directly
contact a portion of skin of the user, measure electrical
activity indicative of cardiac activity of the user, and
output a signal indicative thereof;,

at least one biometric sensor component embedded on or

within the at least one flexible substrate, the at least one
biometric sensor component being configured to mea-
sure physiological activity indicative of cardiac activity
of the user and output a signal indicative thereof;

at least one microprocessor embedded on or within the at

least one flexible substrate, the at least one micropro-
cessor being communicatively coupled to the at least
one heart sensor component and the at least one bio-
metric sensor component and operable to execute
microprocessor executable instructions for controlling
the measurement of electrical and physiological activ-
ity indicative of cardiac activity of the user; and

at least one wireless communication component embed-

ded on or within the at least one flexible substrate and
operable to transmit data indicative of the measure-
ments obtained by the at least one heart sensor com-
ponent and the at least one biometric sensor compo-
nent.

2. The conformal cardiac sensor device of claim 1, further
comprising at least one therapeutic component embedded on
or within the at least one flexible substrate, the at least one
therapeutic component being configured to provide medici-
nal treatment to the user based, at least in part. on the
measurements obtained by the at least one heart sensor
component and the at least one biometric sensor component.

3. The conformal cardiac sensor device of claim 2,
wherein the at least one therapeutic component is configured
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to administer to the user an emollient, a pharmaceutical drug
or other drug, a biologic material, or other therapeutic
material, or any combination thereof.

4. The conformal cardiac sensor device of claim 3,
wherein the emollient, pharmaceutical drug or other drug,
biologic material, or other therapeutic material are delivered
to the user in response to a detected occurrence of a
predetermined triggering event.

5. The conformal cardiac sensor device of claim 4,
wherein the emollient, pharmaceutical drug or other drug,
biologic material, or other therapeutic material are delivered
to the user transdermally.

6. The conformal cardiac sensor device of claim 4,
wherein an amount of the emollient, pharmaceutical drug or
other drug, biologic material, or other therapeutic material
delivered to the user is calibrated, correlated or otherwise
modified based on a magnitude of the detected occurrence of
the predetermined triggering event.

7. The conformal cardiac sensor device of claim 1, further
comprising at least one feedback component embedded on
or within the at least one flexible substrate, the at least one
feedback component being configured to analyze the mea-
surements obtained by the at least one heart sensor compo-
nent and the at least one biometric sensor component and
provide diagnostic information or other physiological infor-
mation to the user based on the analyzed measurements.

8. The conformal cardiac sensor device of claim 8,
wherein the at least one feedback component is configured
to display to the user an indication of the user’s overall
fitness, VO2 max, cardiovascular demand, energy expendi-
ture, activity level, quality of sleep, stress level, heart
plasticity or abnormality, or disordered breathing, or any
combination thereof.

9. The conformal cardiac sensor device of claim 1,
wherein the least one heart sensor component includes an
electromyography (EMG) component, an electrocardiogram
(EKG) component, or an electroencephalogram (EEG) com-
ponent, or any combination thereof.

10. The conformal cardiac sensor device of claim 1,
wherein the least one biometric sensor component includes
an accelerometer module, a gyroscope module, a muscle
activation measurement module, or any combination
thereof.

11. The conformal cardiac sensor device of claim 1,
further comprising at least one power supply embedded on
or within the at least one flexible substrate and operable to
power the heart sensor component, the biometric sensor
component, the microprocessor and the wireless communi-
cation component.

12. The conformal cardiac sensor device of claim 1,
further comprising at least one memory device embedded on
or within the at least one flexible substrate and storing the
microprocessor executable instructions.

13. The conformal cardiac sensor device of claim 1,
wherein the heart sensor component comprises a plurality of
conformal electrodes embedded on or within the at least one
flexible substrate, wherein the plurality of conformal elec-
trodes is configured to directly contact the portion of skin of
the user.

14. The conformal cardiac sensor device of claim 1,
wherein the at least one flexible substrate is a stretchable
polymeric patch surrounding the at least one heart sensor



US 2016/0287177 Al

component, the at least one biometric sensor component, the
at least one microprocessor, and the at least one wireless
communication component.

15. A conformal cardiac sensor assembly for analyzing
cardiac activity of an individual, the conformal cardiac
sensor assembly comprising:

a flexible substrate operable to attach to a portion of the

individual;

a power supply attached or coupled to the flexible sub-
strate:

a microprocessor attached or coupled to the flexible
substrate and operable to execute microprocessor
executable instructions;

a sensor component attached or coupled to the flexible
substrate and configured to measure an electrical vari-
able or a physiological variable, or both, indicative of
cardiac activity of the individual; and

a therapeutic component attached or coupled to the flex-
ible substrate and configured to provide medicinal
treatment to the individual based, at least in part, on the
measurements obtained by the sensor component.

16. A conformal cardiac sensor system for monitoring
cardiac activity of a user, the conformal cardiac sensor
system comprising:

one or more memory devices storing microprocessor
executable instructions;

one or more microprocessors electrically coupled to the
one or more memory devices and operable to execute
the microprocessor executable instructions;

one or more first sensor devices electrically coupled to the
one or more microprocessors and operable to obtain
one or more first measurements indicative of cardiac
activity of the user;

one or more second sensor devices electrically coupled to
the one or more microprocessors and operable to obtain
one or more second measurements indicative of cardiac
activity of the user;

one or more wireless communication components elec-
trically coupled to the one or more microprocessors and
operable to transmit data indicative of the measure-
ments obtained by the one or more first and one or more
second sensor devices; and

one or more power supplies electrically coupled to and
operable to power the one or more memory devices, the
one or more microprocessors, the one or more first and
second sensor devices, and the one or more wireless
communication components.

17. The conformal cardiac sensor system of claim 16,
further comprising one or more therapeutic components
configured to provide medicinal treatment to the user based,
at least in part, on the measurements obtained by the one or
more first and second sensor devices.

18. The conformal cardiac sensor system of claim 17,
wherein at least one of the one or more therapeutic compo-
nents is configured to administer to the user an emollient, a
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pharmaceutical drug or other drug, a biologic material, or
other therapeutic material, or any combination thereof.

19. The conformal cardiac sensor system of claim 16,
further comprising one or more feedback components con-
figured to analyze the measurements obtained by the one or
more first and second sensor devices and provide diagnostic
information or other physiological information to the user
based on the analyzed measurements.

20. The conformal cardiac sensor system of claim 16,
wherein the feedback component is configured to display to
the user an indication of the user’s overall fitness, VO2 max,
cardiovascular demand, energy expenditure, activity level,
quality of sleep, stress level, heart plasticity or abnormality,
or disordered breathing, or any combination thereof.

21. The conformal cardiac sensor system of claim 16,
wherein at least one of the one or more microprocessors and
at least one of the one or more sensor devices are arranged
in a device island arrangement and connected via at least one
flexible interconnect, wherein a collar structure is disposed
proximate a transition region between the at least one of the
one or more sensor devices and the at least one flexible
interconnect.

22. A conformal cardiac sensor system comprising:

a memory device storing processor-executable instruc-
tions;

a processor communicatively coupled to the memory
device and operable to execute the processor-execut-
able instructions;

a communication interface communicatively coupled to
the processor,

a first conformal cardiac sensor device including a first
flexible substrate configured to attach to a first portion
of an individual, a first microcontroller coupled to the
first flexible substrate, a first sensor component coupled
to the first flexible substrate and configured to measure
a first variable indicative of cardiac activity of the
individual, and a first communications component
coupled to the first flexible substrate and configured to
transmit measurements of the first variable to the
processor via the communication interface; and

a second conformal cardiac sensor device including a
second flexible substrate configured to attach to a
second portion of an individual, a second microcon-
troller coupled to the second flexible substrate, a sec-
ond sensor component coupled to the second flexible
substrate and configured to measure a second variable
indicative of cardiac activity of the individual, and a
second communications component coupled to the sec-
ond flexible substrate and configured to transmit mea-
surements of the second variable to the processor via
the communication interface.
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