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(7) ABSTRACT

A finger-wearable blood pressure monitor device includes a
cuff| a tactile sensor array, and control circuitry. The tactile
sensor array is disposed on or adjacent to an inward facing
surface of the cuff The tactile sensor array includes a
plurality of sensors. The control circuitry is coupled to the
tactile sensor array and includes logic that when executed by
the control circuitry causes the finger-wearable blood pres-
sure monitoring device to perform operations. The opera-
tions include monitoring, over a first time period, a pressure
applied to each of the plurality of sensors by a digital artery
of a finger. The operations also include generating a plurality
of tactile waveforms in response to monitoring the pressure.
Bach of the plurality of tactile waveforms corresponds to the
pressure applied to a respective one of the plurality of
sensors over the first time period. The operations further
include estimating blood pressure based, at least in part, on
the plurality of tactile waveforms.
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INFLATE BLADDER TO A FIRST PRESSURE TO CAUSE A PRESSURE TO
BE APPLIED TO EACH OF A PLURALITY OF SENSORS INCLUDED IN A
TACTILE SENSOR ARRAY BY A DIGITAL ARTERY OF A FINGER

v

304~ | MONITOR THE PRESSURE OVER A FIRST PERIOD OF TIME WHILE
DEFLATING THE BLADDER AT A CONTROLLED RATE

v

06 GENERATE A PLURALITY OF TACTILE WAVEFORMS, EACH
=="¢ CORRESPONDING TO THE PRESSURE APPLIED TO A RESPECTIVE ONE
OF THE PLURALITY OF SENSORS

v

308 | APPLY A TRANSFER FUNCTION TO EACH OF THE PLURALITY OF
TACTILE WAVEFORMS

v

DECOMPOSE EACH OF THE PLURALITY OF TACTILE WAVEFORMS INTO
A LOWPASS COMPONENT AND A BANDPASS COMPONENT VIA ONE OR
MORE FILTERS

v

DETECT ARTERIAL PULSES FROM THE BANDPASS COMPONENT FOR
EACH OF THE PLURALITY OF TACTILE WAVEFORMS

v

DETERMINE WHETHER TO ACCEPT OR REJECT THE PLURALITY OF
TACTILE WAVEFORMS BY COMPARING COMPARISON METRICS TO
THRESHOLD VALUES

v

EXTRACT FEATURES FROM THE LOWPASS COMPONENT AND THE
BANDPASS COMPONENT OF EACH OF THE PLURALITY OF TACTILE
WAVEFORMS

v

ESTIMATE SYSTOLIC BLOOD PRESSURE AND DIASTOLIC BLOOD
PRESSURE WITH A MACHINE LEARNING ALGORITHM THAT UTILIZES
REGULARIZED LINEAR REGRESSION ON THE FEATURES
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DECOMPOSE LOWPASS COMPONENT AND BANDPASS
COMPONENT FROM PLURALITY OF TACTILE WAVEFORMS 700
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DETECT ARTERIAL PULSES FROM THE BANDPASS COMPONENT 800
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BLOOD PRESSURE ESTIMATION USING
FINGER-WEARABLE SENSOR ARRAY

TECHNICAL FIELD

[0001] This disclosure relates generally to blood pressure
monitoring, and in particular but not exclusively, relates to
estimating blood pressure with a blood pressure monitor at
a digital artery.

BACKGROUND INFORMATION

[0002] High blood pressure is a health concern for a large
percentage of the population, but regular monitoring is not
common-place. Blood pressure monitors are conventionally
found in physician’s offices, hospitals, pharmacies, and
occasionally in homes. However, those who suffer from high
blood pressure may only occasionally monitor their blood
pressure during a visit to the physician’s office visit or while
waiting for a prescription at the pharmacy. Additional moni-
toring of blood pressure is requested by many physicians,
but patients may not follow through due to difficulty in
obtaining readings, expense of portable units, or the asso-
ciated discomfort while using the blood pressure monitor.
The associated discomfort is typically due to the squeezing
of the arm or wrist, for example. As such, it may be desirable
to have portable, easy to use, and more comfortable painful
blood pressure monitoring devices.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] Non-limiting and non-exhaustive embodiments of
the invention are described with reference to the following
figures, wherein like reference numerals refer to like parts
throughout the various views unless otherwise specified. Not
all instances of an element are necessarily labeled so as not
to clutter the drawings where appropriate. The drawings are
not necessarily to scale, emphasis instead being placed upon
illustrating the principles being described.

[0004] FIG. 1 is a functional block diagram of a blood
pressure monitoring device, in accordance with an embodi-
ment of the present disclosure.

[0005] FIG. 2A illustrates a cross-sectional view of a
finger-wearable blood pressure monitoring device, in accor-
dance with an embodiment of the present disclosure.
[0006] FIG. 2B illustrates a perspective view of the finger-
wearable blood pressure monitor device, in accordance with
an embodiment of the present disclosure.

[0007] FIGS. 3A-3B illustrate a method for estimating
blood pressure, in accordance with an embodiment of the
disclosure.

[0008] FIG. 4 illustrates representative changes in a shape
of arterial pulses measured at different arteries within the
circulatory system, in accordance with embodiments of the
present disclosure.

[0009] FIG. 5 illustrates plots of magnitude and phase
versus frequency of different transfer functions that are
applied to a plurality of tactile waveforms, in accordance
with embodiments of the present disclosure.

[0010] FIG. 6 illustrates the frequency responses of a
lowpass filter and a bandpass filter that are applied to the
plurality of tactile waveforms, in accordance with an
embodiment of the present disclosure.

[0011] FIG. 7 illustrates the lowpass component and the
bandpass component of the tactile waveform as pressure
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with respect to time after applying one or more filters, in
accordance with an embodiment of the present disclosure.

[0012] FIG. 8 illustrates detecting arterial pulses from the
bandpass component of the tactile waveform, in accordance
with an embodiment of the present disclosure.

[0013] FIG. 9 illustrates determining whether to accept or
reject the tactile waveform as valid, in accordance with an
embodiment of the present disclosure.

[0014] FIG. 10 illustrates determining whether to accept
or reject the tactile waveform as valid, in accordance with an
embodiment of the present disclosure.

[0015] FIG. 11 illustrates extracting features from the
tactile waveform, in accordance with an embodiment of the
present disclosure.

[0016] FIG. 12 illustrates error of a machine learning
algorithm that utilizes regularized linear regression on the
features to estimate blood pressure, in accordance with an
embodiment of the present disclosure.

[0017] FIGS. 13A and 13B illustrates learning curves of
the machine learning algorithm to validate estimated blood
pressure with reference data, in accordance with an embodi-
ment of the present disclosure.

[0018] FIG. 14 illustrates a comparison of error for blood
pressure estimation using different hyperparameter values
with different transfer functions, in accordance with an
embodiment of the present disclosure.

DETAILED DESCRIPTION

[0019] Embodiments of a system and method for blood
pressure estimation using a finger-wearable tactile sensor
array are described herein. In the following description
numerous specific details are set forth to provide a thorough
understanding of the embodiments. One skilled in the rel-
evant art will recognize, however, that the techniques
described herein can be practiced without one or more of the
specific details, or with other methods, components, mate-
rials, etc. In other instances, well-known structures, mate-
rials, or operations are not shown or described in detail to
avoid obscuring certain aspects.

[0020] Reference throughout this specification to “one
embodiment” or “an embodiment” means that a particular
feature, structure, or characteristic described in connection
with the embodiment is included in at least one embodiment
of the present invention. Thus, the appearances of the
phrases “in one embodiment” or “in an embodiment” in
various places throughout this specification are not neces-
sarily all referring to the same embodiment. Furthermore,
the particular features, structures, or characteristics may be
combined in any suitable manner in one or more embodi-
ments.

[0021] This disclosure enables convenient, nonintrusive,
and painless blood pressure monitoring using a finger-
wearable device. The finger-wearable device consists of a
tactile sensor array to monitor and sense pressure applied to
each of a plurality of sensors included in the tactile sensor
array. The pressure applied to the tactile sensor array is due,
at least in part, to artery pulsations and pressure applied via
an actuation mechanism that consists of an inflatable bladder
(e.g., an air bladder that is inflated with a pump, liquid-filled
bladder, or any other bladder that is controllably expand-
able). This device is small, convenient and painless,
enabling regular monitoring of blood pressure during the
day as well as during sleep. Nocturnal monitoring of blood
pressure is currently difficult, since traditional arm cuffs may
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awaken users by the compression of the arm. By contrast,
this disclosure presents a finger-wearable blood pressure
monitor device that can measure blood pressure with a
reduced probability of awakening the user.

[0022] Furthermore, this disclosure presents embodiments
of finger-wearable devices that utilize the monitoring and
sensing of the tactile sensor array to automatically account
for the fit of the finger-wearable device on a finger of a user.
For example, a blood pressure estimation algorithm may
account for discrepancies in measurements caused by a
loose or tight fit around the finger of the user wearing the
finger-wearable device. Tightness of fit may be automati-
cally sensed by one or more sensors included in the tactile
sensing array before inflation of the air bladder. In addition,
the presence of multiple tactile sensing elements (e.g., each
of the plurality of sensors) results in a plurality of tactile
waveforms from the tactile sensor array that enables
improved accuracy of blood pressure measurement and
estimation.

[0023] Embodiments of the present disclosure utilize the
finger-wearable device to monitor blood pressure in a digital
artery. such as the digital artery on the ulnar or radial sides
for example. The finger-wearable device may use oscillom-
etry, auscultation, or applanation tonometry to estimate a
user’s blood pressure at the digital artery, which may sub-
sequently be converted to a clinical or brachial blood
pressure with a transfer function and machine learning
algorithm. For applanation tonometry, the finger-wearable
device may include a tactile sensor array that may be pressed
into the finger over the digital artery, which may deform the
digital artery. The digital artery may or may not be deformed
to occlusion. As the pressure applied to tactile sensor array
by the finger is slowly reduced, the digital artery may slowly
convert back to a normal shape, and may pass through a
point where the internal pressure equals the external pres-
sure exerted on the digital artery by the tactile sensor array.
This point may occur when a local radius of the digital artery
approaches infinity, at least in reference to a size of a sensor
of the tactile sensor array. In this state, e.g., with the local
region of the digital artery being flat, the blood flow varia-
tions in the artery due to heart beats may cause the flat area
of the digital artery to experience pressure fluctuations (e.g.,
arterial pulses). A maximum fluctuation, representing one of
the arterial pulses having a pulse amplitude larger than the
pulse amplitude of any other one of the arterial pulses, may
occur at the flat condition, the pressure fluctuations may
decrease when the local region is not quite flat. In some
embodiments, the arterial pulse having a pulse amplitude
greater than the pulse amplitude of any other arterial pulse
included in all of the plurality of tactile waveforms is known
as a basis arterial pulse. The basis arterial pulse is included
in the arterial pulses occurs at a basis time instant and is
included in the arterial pulses associated with a first tactile
waveform included in the plurality of tactile waveforms.
While the above operation was discussed in terms of a
controlled reduction in pressure between the finger and the
tactile sensor array, the operation may alternatively be
performed using a controlled increase in pressure and the
pressure changes may be measured during the controlled
increase.

[0024] The tactile sensor array may include deformable
capacitive sensors that may be deformed due to fluctuations
in the arterial wall caused by the pressure fluctuations. These
fluctuations may change a shape, e.g., height, of one or more
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deformable capacitive sensors, which may change their
capacitance values. The changing capacitance may be mea-
sured, which provides an indication of the blood pressure in
the digital artery. The capacitance levels of the capacitive
sensors may be converted into pressure levels, e g , mmHg,
via a factory calibration procedure to form a plurality of
tactile waveforms. Each of the plurality of tactile waveforms
corresponding to the pressure applied to a respective one of
the plurality of sensors over a first time period. Features of
the plurality of tactile waveforms may be used to estimate a
mean arterial pressure, a systolic blood pressure, and a
diastolic blood pressure independently via regression mod-
eling (e.g., a linear regression model such as Lasso) with a
machine learning algorithm. In the same or other embodi-
ments, a maximum amplitude of the measurement changes
(e.g., capacitance changes) and/or pressure fluctuations of
the plurality of sensors may be used to estimate a mean
arterial pressure at the digital artery. Then, in some embodi-
ments, the systolic and diastolic blood pressure at the digital
artery may be estimated based on the mean arterial pressure.
[0025] To implement auscultation, the digital artery may
be pressed to occlusion by the finger-wearable device then
the pressure slowly reduced. A microphone included in the
device may record sounds, known as Korotkoff' sounds,
originating in the digital artery as the blood begins to flow.
The Korotkoff sounds change in character as the pressure
applied to the artery is decreased. The applied pressure
corresponding to the first Korotkoff sound may be an esti-
mate of the systolic blood pressure, and the applied pressure
corresponding to the termination of the Korotkoff sounds
may be an estimate of the diastolic blood pressure.

[0026] To implement oscillometry, the digital artery may
be pressed or squeezed by a bladder to a pressure at least
above the systolic blood pressure, then the pressure may be
slowly reduced. During the reduction in pressure, a pressure
sensor measuring the pressure in the bladder may also
measure pressure oscillations in the bladder due to blood
flow in the digital artery. The pressure oscillations may start
small, increase to a maximum amplitude, and reduce. Simi-
lar to the applanation tonometry technique, the applied
pressure at maximum amplitude may be an estimate of the
mean arterial pressure. From the measured pressure oscil-
lations the mean arterial pressure, the systolic blood pres-
sure, and the diastolic pressure may be estimated.

[0027] FIG. 1 is a functional blood diagram of blood
pressure monitoring device 100, in accordance with an
embodiment of the present disclosure. In the depicted
embodiment, device 100 includes sensor array 110, control
circuitry 112, other sensors 125, bladder 106, and antenna
123. The illustrated embodiment of control circuitry 112
includes a power supply 105 and a controller 115. The
illustrated embodiment of power supply 105 includes an
energy harvesting antenna 107, charging circuitry 109, and
a battery 111. The illustrated embodiment of controller 115
includes control logic 117, blood pressure (BP) logic 119,
Analog-to-Digital Converter (ADC) 147, multiplexer
(MUX) 149, and communication logic 121. Furthermore, as
illustrated, the various components of blood pressure device
100 are communicatively (e.g., electrically) coupled to each
other via one or more interconnects 113.

[0028] Power supply 105 supplies operating voltages to
the controller 115 and various other sensors and components
of device 100. Antenna 123 is operated by controller 115 to
communicate information to and/or from device 100. In the
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illustrated embodiment, antenna 123, controller 115, and
power supply 105 are disposed on a substrate (e.g., substrate
208 illustrated in FIG. 2A).

[0029] In the illustrated embodiment, power supply 105
includes battery 111 to power the various embedded elec-
tronics, including controller 115. Battery 111 may be induc-
tively charged by charging circuitry 109 and energy har-
vesting antenna 107. In one embodiment, antenna 123 and
energy harvesting antenna 107 are independent antennae,
which serve their respective functions of energy harvesting
and communications. In another embodiment, energy har-
vesting antenna 107 and antenna 123 are the same physical
antenna that are time shared for their respective functions of
inductive charging and wireless communications with
reader 135. In yet other embodiments, battery 111 may be
charged via a wire plugged into device 100.

[0030] Charging circuitry 109 may include a rectifier/
regulator to condition the captured energy for charging
battery 111 or directly power controller 115 without battery
411. Charging circuitry 109 may also include one or more
energy storage devices to mitigate high frequency variations
in energy harvesting antenna 107. For example, one or more
energy storage devices (e.g., a capacitor, an inductor, etc.)
can be connected to function as a low-pass filter.

[0031] Controller 115 contains logic to choreograph the
operation of the other embedded components. Control logic
117 controls the general operation of device 100, including
providing a logical user interface, power control function-
ality, etc. Additionally, control logic 117 controls the infla-
tion and deflation of bladder 106 and receives pressure data
from a pressure sensor included in the bladder 106. ADC
147 may receive data from other sensors 125 and sensor
array 110. ADC 147 may convert the received data to a
digital format and provide the same to control logic 117
and/or BP logic 119. In some embodiments, ADC 147 may
be coupled to sensor array 110 and the other sensors 125 via
MUX 149, which controls the inflow of data to the ADC
147.

[0032] BP logic 119 may receive the measurements (e.g.,
capacitance measurements) from the sensor array 110 and
convert the measurements into equivalent pressure values.
The pressure values may be in mmHg, for example. The
pressure values may further be converted into pressure
waveforms (e.g., a plurality of tactile waveforms) for each
sensor included in sensor array 110 that may be analyzed in
either the time or frequency domains to determine mean
arterial pressure, systolic blood pressure, and/or diastolic
blood pressure at the digital artery, in accordance with
embodiments of the disclosure. In some embodiments, the
plurality of tactile waveform may be converted from a first
waveform (e.g., pressure at the digital artery) type to a
second waveform type (e.g., pressure at a brachial artery).
BP logic 119 (and other components) may analyze the
plurality of tactile waveforms to determine arterial pulses for
each of the plurality of tactile waveforms. Each of the
plurality of tactile waveforms having a corresponding one of
the arterial pulses having a maximum pulsatile amplitude
(e.g., an arterial pulse having a local maximum amplitude
within a particular tactile waveform included in the plurality
of tactile waveforms). The determined arterial pulses may
subsequently be utilized to estimate blood pressure.

[0033] In some embodiments, BP logic 119 may receive
sound recordings from a microphone to implement auscul-
tatory blood pressure estimation. The microphone may be
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part of other sensors 125, which may be arranged to record
blood pulses occurring in the digital artery. BP logic 119
may analyze the sound recordings in relation to pressure
data received from bladder 106 (due to the pressure sensor
included in bladder 106) to determine a pressure when
Korotkoff sounds begin and end. If the pressure in bladder
106 is decreasing during this time, the pressure correspond-
ing to the beginning of the Korotkoff sounds may be an
estimate of the systolic blood pressure, whereas the pressure
corresponding to the ending of the Korotkoff sounds may be
an estimate of the diastolic blood pressure.

[0034] Insome embodiments, BP logic 119 may determine
the mean arterial pressure (MAP), systolic blood pressure
(SBP), and diastolic blood pressure (DBP) using oscillom-
etry. The determination of the mean arterial pressure, sys-
tolic blood pressure, and diastolic blood pressure may be
similar to the applanation tonometry techniques but the
pressure sensor measurements within bladder 106 may be
used instead of the measurements of tactile sensor array 110.
For example, the pressure sensor included in bladder 106
may measure pressure changes due to blood flow in the
digital artery pressing the finger on bladder 106. The pres-
sure corresponding to when a maximum amplitude of an
arterial pulse may be an estimate of the mean arterial
pressure. Subsequently, BP logic 119 may determine the
systolic blood pressure and diastolic blood pressure through
one or more regressions (e.g., linear regression), in accor-
dance with an embodiment of the disclosure.

[0035] In some embodiments, BP logic 119 may perform
BP estimations using all three techniques. The BP estima-
tions from the three different techniques may then be com-
pared to determine a closest estimation of the user’s BP at
the digital artery. Additionally, or alternatively, BP logic 119
may utilize the blood pressure estimates from the oscillom-
etry and auscultatory techniques as reference data to confirm
and/or verify the accuracy of the blood pressure estimate
from tactile sensor array 110 determined with regularized
regression modeling of the machine learning algorithm.

[0036] Control logic 117 may receive diagnostic data from
other sensors 106, which may include a temperature sensor,
accelerometer, photoplethysmograph (PPG), and micro-
phone. The data may be analyzed to determine if any of the
measurements are outside of established thresholds and, if
so, response accordingly. For example, if accelerometer data
shows that the finger was moving more than desired during
a blood pressure reading, control logic 117 may reject that
reading. Additionally, control logic 117 may determine the
user’s heart rate (HR), respiratory rate (RR), and/or oxygen
saturation (SpQ2) based on PPG sensor data. Lastly, tem-
perature data may be used to adjust any blood pressure
estimations if the temperature is outside of an established
range.

[0037] Communication logic 121 provides communica-
tion protocols for wireless communication with reader 135
via antenna 123. In one embodiment, communication logic
121 provides backscatter communication via antenna 123
when in the presence of an electromagnetic field 151 output
from reader 135. In one embodiment, communication logic
121 operates as a smart wireless radio-frequency identifica-
tion (“RFID”) tag that modulates the impedance of antenna
123 for backscatter wireless communications. The various
logic modules of controller 115 may be implemented in
software/firmware executed on a general purpose micropro-
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cessor, in hardware (e.g., application specific integrated
circuit), or a combination of both.

[0038] The illustrated embodiment also includes reader
135 with a processor 143, an antenna 145, and memory 137.
Memory 137 includes data storage 139 and program instruc-
tions 141. As shown reader 135 may be disposed outside of
device 100, but may be placed in its proximity to charge
device 100, send instructions to device 100, and/or extract
data from device 100. In one embodiment, reader 135 may
resemble a hand held portable device that provides a holder
or case for device 100.

[0039] External reader 135 includes antenna 145 (or group
of more than one antenna) to send and receive wireless
signals 151 to and from device 100. External reader 135 also
includes a computing system with processor 143 in com-
munication with memory 137. Memory 137 is a non-
transitory computer-readable medium that can include, with-
out limitation, magnetic disks, optical disks, organic
memory, and/or any other volatile (e.g., RAM) or non-
volatile (e.g., ROM) storage system readable by the proces-
sor 143. Memory 137 can include a data storage 139 to store
indications of data, such as data logs (e.g., user logs),
program settings (e.g., to adjust behavior of device 100
and/or external reader 135), etc. Memory 137 can also
include program instructions 141 for execution by processor
143 to cause the external reader 135 to perform processes
specified by the instructions 141. For example, program
instructions 141 can cause external reader 135 to provide a
user interface that allows for retrieving information com-
municated from device 100 or allows transmitting informa-
tion to device 100 to program or otherwise select operational
modes of device 100. External reader 135 can also include
one or more hardware components for operating antenna
145 to send and receive wireless signals 151 to and from
device 100.

[0040] External reader 135 can be a smart phone, digital
assistant, or other portable computing device with wireless
connectivity sufficient to provide wireless communication
link 151. External reader 135 can also be implemented as an
antenna module that can be plugged into a portable com-
puting device, such as in an embodiment where wireless
communication link 151 operates at carrier frequencies not
commonly employed in portable computing devices. In
some embodiments, external reader 135 may prompt a user
of device 100 to prepare for a BP reading, which may
provide the user a moment to position the finger at an
elevation equal with their heart. Additionally, while the BP
reading is being performed, external reader 135 may provide
a distraction to the user. For example, the distraction could
take the form of a news article, current weather conditions,
a game, or display heart beat waveforms and BP measure-
ments.

[0041] FIGS. 2A-2B illustrates two views of finger-wear-
able blood pressure monitoring device 200. Device 200 is
one possible implementation of blood pressure monitoring
device 100 illustrated in FIG. 1. The illustrated embodiment
of finger-wearable blood pressure monitoring device 200
includes a cuff 202 (with an inward facing surface 216), a
size adjustment mechanism 204, a bladder 206, a substrate
208, a tactile sensor array 210, control circuitry 212, an
alignment tab 214, and an electrical connection 218. Cuff
202 has an annular shape (e.g., ring or disk shaped) to fit
over a finger of the user. In some embodiments, cuff 202
may wrap around the finger of the user. In other embodi-
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ments, cuff 202 may have a solid annular shape (e.g., such
as a ring with an extended width) that slides onto the finger
of the user.

[0042] Finger-wearable blood pressure monitoring device
200, device 200 for short, may be worn or engaged with a
digital artery, e.g., an artery of a finger, to determine the
blood pressure of a user, along with other diagnostic data. In
some embodiments, the other diagnostic data may include
heart rate (HR), respiratory rate (RR), temperature, and
blood oxygen saturation (SpO2). In some embodiments,
motion of device 200 may also be detected. Device 200 may
be worn on the finger of the user throughout the day, night,
both, or periodically to monitor the user’s blood pressure. In
some embodiments, device 200 may provide the blood
pressure readings and the other diagnostic data/movement
data to an external reader (e.g., external reader 135 of FIG.
1). In turn, the external reader may record the data, alert the
user and/or user’s physician to readings outside of desig-
nated ranges, or transmit the data to an electronic medical
record associated with the user, for example.

[0043] Device 200 may be worn on the finger with tactile
sensor array 210 oriented to align with the digital artery of
the finger. In some embodiments, the tactile sensor array 210
may be aligned 60° to the palm so that tactile sensor array
210 is centered over the digital artery on the ulnar side of the
finger. The size adjustment mechanism 204 may be adjusted
to ensure a snug fit around the finger. In some embodiments,
the bladder 206 may be dynamically inflated to ensure that
the digital artery and the tactile sensor array 210 are pressed
together. Subsequently, tactile sensor array 210 may moni-
tor, measure, and/or sense pressure applied, over a first time
period, to each of the plurality of sensors included in tactile
sensor array 210. The pressure applied to tactile sensor array
210 includes pressure fluctuation (e.g., arterial pulses)
caused by blood flow in the digital artery. Device 200 may
subsequently convert the monitored, measured, and/or
sensed pressure into a mean arterial pressure, a systolic
blood pressure, and/or a diastolic blood pressure, in accor-
dance with embodiments of the present disclosure. In some
embodiments, control circuitry 212 may perform the con-
version. In other embodiments, data representing the moni-
tored, measured, and/or sensed pressure may be transmitted,
via wire or wirelessly, to an external reader for the conver-
sion process. While device 200 includes bladder 206 to
facilitate applying the pressure, in other embodiments, the
bladder may be omitted and the size adjustment mechanism
204 may be adjusted to provide the necessary pressure.

[0044] Bladder 206 may be disposed on an inward facing
surface 216 of cuff 202 and, in some embodiments, may be
disposed along a majority of the inner circumference of cuff
202. In some embodiments, the bladder 206 may generally
be disposed on a portion of inward facing surface 216
opposite from the location of tactile sensor array 210, which
is disposed on or adjacent to inward facing surface 216.
Bladder 206 may be formed from a soft, flexible material
and may inflate (e.g., enlarge and/or stretch) due to an
increase in internal pressure. In some embodiments, air may
be introduced, e.g., pumped, in bladder 206 to cause bladder
206 to expand to facilitate measurements with tactile sensor
array 210.

[0045] Substrate 208 may provide a mounting surface for
tactile sensor array 210 and/or control circuitry 212. Sub-
strate 208 may be formed from a rigid material, such as
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plastic, ceramic, or metal, and may be disposed on the
inward facing surface 216 of cuff 202.

[0046] Tactile sensor array 210 may be a sensor array
formed from a plurality of individual sensors (e.g., capaci-
tive sensors). Tactile sensor array 210 may be disposed on
substrate 208 and arranged to be in contact with the finger
of the user. The plurality of sensors may be arranged into a
two-dimensional array comprising a number of columns and
a number of rows. In some embodiments, the columns may
be arranged to align longitudinally with the finger and the
rows align circumferentially. Of course, the opposite
arrangement of the columns and rows may be implemented.
In some embodiments, there may be more columns than
rows to ensure tactile sensor array 210, or at least a column
of sensors, is centered over the digital artery area of the
finger. In general, it may be desirable to have at least one
sensor of tactile sensor array 210 contact the skin directly
above the digital artery so that pressure fluctuations of the
applied pressure to tactile sensor array 210 by the digital
artery may be measured as changes (e.g., in capacitance) of
the at least one sensor.

[0047] For example, one or more individual sensors of
tactile sensor array 210 may be aligned with the digital
artery and may detect changes in the pressure applied and/or
the pressure fluctuations caused by the digital artery to the
corresponding sensor of tactile sensor array 210. The detec-
tion of these changes may be due to the sensor deforming in
response, which indicate blood flow and blood pressure. The
detected changes in the pressure applied and/or the pressure
fluctuations, which cause a change in the reading of one or
more of the sensors include in tactile sensor array 210, may
be converted into mean arterial pressure, systolic blood
pressure, and/or diastolic blood at the digital artery, in
accordance with embodiments of the present disclosure.
[0048] Control circuitry 212 may be coupled to choreo-
graph the operation of the device 200, and may be disposed
between inward facing surface 216 of the cuff 202 and
substrate 208. In some embodiments, control circuitry 212
may be disposed on a side of substrate 208 facing the inward
facing surface 216 of the cuff 202. In other embodiments,
control circuitry 212 may be disposed on the inward facing
surface 216 of cuff 202 underneath substrate 208. Control
circuitry 212 may be coupled to tactile sensor array 210 to
receive measurement readings (e.g., capacitance), and may
be further coupled to bladder 208 to control inflating and
deflating. Additionally, control circuitry 212 may be coupled
via a wire or wirelessly to an external reader for providing
and receiving data and/or power.

[0049] Alignment tab 214 may assist the user in aligning
tactile sensor array 210 to a desired digital artery. For
example, alignment tab 214 may be aligned with the palm so
that tactile sensor array 210 may be aligned with the digital
artery.

[0050] In operation, device 200 may detect and monitor
the user’s BP, along with the various other diagnostic
variables. In some embodiments, device 200 may analyze
the readings of each sensor in the plurality of sensors of
tactile sensor array 210 via regression modeling to deter-
mine the user’s BP. In other embodiments, applanation
tonometry may be used determine the user BP at the digital
artery, which may then be transformed into a brachial BP
measurement. In yet other embodiments, device 200 may
implement oscillometry and/or auscultation to monitor the
BP in the digital artery. In general, bladder 106 may be
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inflated to cause the finger to press onto tactile sensor array
210, then bladder 206 may be deflated. During either the
inflation or the deflation of bladder 206 over a first time
period, tactile sensor array 210 may monitor, measure,
and/or sense pressure applied to tactile sensor array by the
digital artery of the finger. The pressure may include pres-
sure fluctuations (e.g., arterial pulses) caused by blood flow
within the digital artery. The monitored, measured, and/or
sensed pressure may be converted into blood pressure esti-
mations. For example, bladder 206 may be inflated in a slow,
controlled manner, and the arterial pulses may be deter-
mined when the tactile sensor array 210 is being slowly
pressed into the digital artery. Alternatively or additionally,
the arterial pulses may be measured during a slow, con-
trolled deflation of bladder 206, which may allow for the
pressure applied to tactile sensor array 210 by the digital
artery to slowly decrease. In either operation, tactile sensor
array 210 may create a condition on or at the arterial wall of
the digital artery that allows applanation tonometry to be
performed. e.g., when a local radius of curvature of the
digital artery approaches infinity, at least compared to a size
of a sensor included in tactile sensor array 210. While the
detailed operation of device 200 may be described in terms
of deflation of bladder 206, the same principles of operation
may be applied during a slow, controlled inflation of bladder
206.

[0051] In some embodiments, blood pressure is estimated
based on regression modeling with a machine learning
algorithm. Device 200 may monitor, over a first time period,
the pressure applied to each of the plurality of sensors by the
digital artery of the finger. The pressure applied may include
pressure fluctuations representative of arterial pulses due to
blood flow within the digital artery. In response to monitor-
ing the pressure, device 200 generates a plurality of tactile
waveforms that each corresponds to the pressure applied to
arespective one of the plurality of sensors over the first time
period. Subsequently, device 200 may utilize, at least in part,
the plurality of tactile waveforms to estimate blood pressure.
For example, the plurality of tactile waveforms may be
decomposed by one or more filters into a lowpass compo-
nent and a bandpass component. The lowpass component is
representative of the pressure applied over the first time
period with some amount of high frequency content (e.g,,
some or all of the pressure fluctuations) filtered out. The
bandpass component is representative of the pressure fluc-
tuations over the first time period. From the bandpass
component, device 200 detects arterial pulses for each of the
plurality of tactile waveforms.

[0052] In the same or other embodiments, at least one
comparison metric based on at least one of the plurality of
tactile waveforms will be determined and subsequently
utilized to determine whether to accept or reject at least one
of the plurality of tactile waveforms. For example, for each
of the plurality of tactile waveforms, device 200 may then
identify one (e.g., a maximum amplitude arterial pulse) of
the arterial pulses having a pulse amplitude greater than the
pulse amplitude of any other one of the arterial pulses
included in a corresponding tactile waveform included in the
plurality of tactile waveform. In other words, each of the
maximum amplitude arterial pulses is an arterial pulse that
represents a local maximum amplitude of the arterial pulses
corresponding one of the plurality of tactile waveforms. The
maximum amplitude arterial pulse may be compared to a
pulse amplitude threshold to determine whether to reject or
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accept individual tactile waveforms included in the plurality
of tactile waveforms. This comparison may allow for sys-
tematically removing some of the tactile waveforms corre-
sponding to outliers in the plurality of tactile waveforms.
[0053] In some embodiments, a first set of tactile wave-
forms included in the plurality of tactile waveforms may be
determined by comparing the maximum amplitude arterial
pulse of each of the plurality of tactile waveforms to the
pulse amplitude threshold. Then, a temporal spread metric
based on time instants of the maximum amplitude arterial
pulse of the first set of tactile waveforms may subsequently
be determined The temporal spread metric of the first set of
tactile waveforms may be compared to the temporal spread
threshold to determine whether to accept or reject the
plurality of tactile waveforms.

[0054] In other embodiments, the maximum amplitude
arterial pulse may not necessarily have the maximum pulse
amplitude of the particular tactile waveform or may include
several arterial pulses. For example, the maximum ampli-
tude arterial pulse may have a second or third largest pulse
amplitude relative to other arterial pulses in the correspond-
ing one of the plurality of tactile waveforms. Several arterial
pulses may be determined to be the maximum amplitude
arterial pulse in some situations in which more than one of
the arterial pulses of a particular tactile waveform has a
pulse amplitude above a maximum amplitude threshold
value. A mean arterial pressure may be determined based on
the maximum amplitude arterial pulse of the plurality of
tactile waveforms. The determined mean arterial pressure
may be compared to a reference measurement (e.g., a
reference mean arterial pressure determined by summing
one third of a reference systolic blood pressure measurement
and two thirds of reference a diastolic blood pressure
measurement) to determine whether to accept the plurality
of tactile waveforms as a valid measurement.

[0055] Device 200 compares the maximum amplitude
arterial pulses to threshold values to determine whether to
accept or reject the plurality of tactile waveforms as valid
measurements. For example, valid measurements may be
utilized to estimate blood pressure, while invalid measure-
ments may be attributed to error during the measurement.
After deciding which of the plurality of tactile waveforms
should be considered valid, features are then extracted from
the lowpass component and the bandpass component of the
remaining plurality of tactile waveforms (e.g., the tactile
waveforms determined to be valid measurements). These
features may be at various time instants and pressure values
of the lowpass component and the bandpass component. A
machine learning algorithm is then developed based on a
regularized regression model, such as Lasso, of the features
to estimate mean arterial pressure, systolic blood pressure,
and diastolic blood pressure independently. The model to
estimate blood pressure may be generated, at least in part, by
comparing measured data (e.g., training data) to reference
data (e.g., training examples). In the same or other embodi-
ments, device 200 may determine the blood pressure using
applanation tonometry, such as a mean arterial pressure.
Mean arterial pressure may subsequently be used to detet-
mine systolic blood pressure and diastolic blood pressure.
For example, control circuitry 212 may cause bladder 206 to
inflate to a pressure that is at least above the systolic blood
pressure of the user.

[0056] In some embodiments, bladder 206 may be inflated
until occlusion of the digital artery. Inflating to occlusion,
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however, may not be necessary, but may be performed when
device 200 is initially used to ensure the pressure is above
the systolic blood pressure. To determine if occlusion is
reached, tactile sensor array 210 may monitor for pressure
changes via sensor measurements. Once bladder 206 has
been inflated to the desired pressure, control circuitry 212
may deflate bladder 206 at a slow and controlled rate. For
example, bladder 206 may be deflated at a rate of 2 to 3
mmHg per second. While bladder 206 is deflating, tactile
sensor array 210 may measure the pressure (included the
pressure fluctuations) applied to tactile sensor array 210 by
the digital artery. As the pressure exerted by bladder 206
decreases, the external pressure on the digital artery will
decrease. The decrease in the external pressure on the digital
artery affects the differential between the external pressure
on the artery and the internal pressure on the artery. As these
two pressures tend toward being equal, at which time the
arterial wall may be flat at least in regards to the sensor of
tactile sensor array 210, the arterial pulses due blood flow
from the heartbeat begin to show a change as detected by
tactile sensor array 210. The changes may appear as pulsatile
waveforms or fluctuations in the measurements/levels (e.g.,
capacitance measurements) of tactile sensor array 210. The
pressure at which a maximum amplitude occurs in a pulsa-
tile waveform may be the mean arterial pressure, which may
be indicative of the user’s blood pressure in the digital
artery. However, as discussed in the present disclosure,
regression modeling may also be utilized to estimate mean
arterial pressure that does not rely on a maximum amplitude
of a particular pulsatile waveform. After detection of mean
arterial pressure, control circuitry 212 may provide the data
to an external reader for algorithmic manipulation to extract
systolic blood pressure and diastolic blood pressure from the
mean arterial pressure, or control circuitry 212 may estimate
the mean arterial pressure, systolic blood pressure, and
diastolic blood pressure.

[0057] FIGS. 3A-3B illustrate method 300 for estimating
blood pressure, in accordance with an embodiment of the
disclosure. Method 300 may be an example operation of
device 100 and/or device 200. Method 300 outlines some of
the steps in estimating blood pressure using a finger-wear-
able blood pressure monitoring device using regression
modeling with a machine learning algorithm. In some
embodiments, the device may implement applanation
tonometry to determine the blood pressure. In other embodi-
ments, oscillometry or auscultation may be implemented in
addition to or instead of the applanation tonometry. While
the method 300 is discussed in terms of slowly deflating the
bladder to determine the blood pressure at the digital artery,
the method 300 may also be used during a slow, controlled
inflation of the bladder, or without the bladder entirely.

[0058] Method 300 may begin at step 302 with inflating a
bladder of a finger-wearable blood pressure monitoring
device to a first pressure to cause a pressure applied to each
of a plurality of sensors including in a tactile sensor array.
Inflating the bladder may cause a finger of a user to be
pressed onto the tactile sensor array of the finger-wearable
blood pressure monitoring device. In some embodiments,
the first pressure may be a pressure at least greater than a
systolic blood pressure of the user. In other embodiments,
the first pressure may be high enough to occlude blood flow
in a digital artery of the finger.

[0059] Step 302 may be followed by step 304, which
includes monitoring the pressure over a first time period
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while deflating the bladder at a controlled rate once reaching
the first pressure. In some embodiments, the bladder may be
deflated at a rate of 2 to 3 mmHg/s. Monitoring the pressure
may include determining changes (e.g., capacitance level) of
one or more sensors included in the tactile sensor array. The
changes are indicative of the applied pressure and pressure
fluctuations (e.g., arterial pulses) caused by blood flow
within the digital artery of the finger.

[0060] Step 304 may be followed by step 306, which
includes based on the monitoring the pressure over the first
time period, generating a plurality of tactile waveforms.
Each of the plurality of tactile waveforms corresponds to the
monitored pressure (e.g., capacitance level changes) over
the first time period of a respective one of the plurality of
sensors included in the tactile sensor array.

[0061] Step 306 may be followed by step 308, which
includes applying a transfer function to each of the plurality
of tactile waveforms to convert/map each of the plurality of
tactile waveforms from a first waveform (e.g., pressure at the
digital artery) type to a second waveform type (e.g., pressure
at a brachial artery). Then for example, the plurality of
tactile waveforms may be used to estimate blood pressure at
various arterial positions.

[0062] Step 308 may be followed by step 310, which
includes decomposing each of the plurality of tactile wave-
forms into a lowpass component and a bandpass component
via one or more filters (e.g., a lowpass filter and a bandpass
filter). The bandpass component corresponds to pressure
fluctuations (e.g., arterial pulses) over the first time period.
The pressure fluctuations over the first time period are due,
at least in part, to blood flow within the digital artery of the
finger. The lowpass component corresponds to the pressure
applied over the first time period without at least some of the
pressure fluctuations. In other words, decomposing each of
the plurality of tactile waveforms allows for assessment and
characterization of different frequency components of each
of the plurality of tactile waveforms. In some embodiments,
the lowpass component may be representative of a portion of
the plurality of tactile waveforms having a frequency lower
than a predetermined cut-off frequency. Similarly, the band-
pass component may be representative of a portion of the
plurality of tactile waveforms within a certain frequency
range.

[0063] Step 310 may be followed by step 312, which
includes detecting arterial pulses (e.g., based on the pressure
fluctuations) from the bandpass component for each of the
plurality of waveforms. Isolating the bandpass component
will also provide for a relatively unobstructed view of
pulsatile pressure with respect to time. Pulsatile pressure
shows the periodic change in the pressure over the first time
period from, at least in part, the pressure fluctuations due to
blood flow within the digital arterial of the finger. Thus, by
determining the duration between peaks and valleys of each
periodic event (e.g., individual arterial pulses included in the
arterial pulses) in the bandpass region, a pulse and/or heart
rate of the user can be estimated. Additionally, a pulse
amplitude of each of arterial pulses may be determined,
including determining which one of the arterial pulses has a
pulse amplitude greater than any other one of the arterial
pulses for a corresponding one of the plurality of tactile
waveforms. The particular arterial pulse having the greater
pulse amplitude relative to all other arterial pulses in the
corresponding one of the plurality of tactile waveforms
corresponds to a maximum amplitude arterial pulse. Each of
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the plurality of tactile waveforms has a particular arterial
pulse corresponding to the maximum amplitude arterial
pulse.

[0064] Step 312 may be followed by step 314, which
includes determining whether to accept or reject the plurality
of tactile waveforms as a valid measurement by comparing
comparison metrics based on the plurality of tactile wave-
forms to threshold values. It may be desirable to remove
outliers (e.g., individual tactile waveforms included in the
plurality of tactile waveforms) which may disrupt any
potential fit of the plurality tactile waveforms. Disruption of
any potential fit may lead to inadvertent error reducing the
effectiveness of estimating blood pressure. The threshold
values may include at least one of a median absolute
deviation pressure threshold, a temporal spread threshold, or
a pulse amplitude threshold.

[0065] Forexample, erratic waveforms caused by swollen
joints and/or improper fit of the cuff may cause high element
pressure spread between individual sensors within the tactile
sensor array. The comparison metric may include at least the
maximum amplitude arterial pulse. The maximum ampli-
tude arterial pulse for each of the plurality of tactile wave-
forms may be compared to a pulse amplitude threshold to
determine whether the corresponding tactile waveform is an
outlier. A first set of the tactile waveforms included in the
plurality of tactile waveforms may be identified based on the
comparison between the maximum amplitude arterial pulse
and the pulse amplitude threshold. A temporal spread metric
based on time instants of the maximum amplitude arterial
pulse of the first set of tactile waveforms may then be
determined The temporal spread metric may then be com-
pared to a temporal spread threshold to determine whether
the all of the plurality of tactile waveforms are valid mea-
surements.

[0066] Several other data rejection of measurement values
may be desired. For example, a basis arterial pulse may be
identified as having a pulse amplitude greater than any other
arterial pulse included in all of the plurality of tactile
waveforms. The basis arterial pulse is at a basis time instant
during the first time period. The lowpass component at the
basis time instant for each of the plurality of tactile wave-
forms may be utilized to determine a pressure spread metric.
The pressure spread metric may then be compared to a
pressure spread threshold to determine whether to accept or
reject the plurality of tactile waveforms.

[0067] In other embodiments, the basis arterial pulse may
be compared to a reference measurement (e.g., a reference
mean arterial pressure of the same patient performed during
calibration). The basis arterial pulse may then be compared
to the threshold values to determine whether to accept or
reject the plurality of tactile waveforms as valid. In other
words, the sensor included in the tactile sensor array with an
arterial pulse corresponding to an ideal or near ideal mean
arterial pressure is determined and compared to the refer-
ence measurement (e.g., training examples). This may be the
sensor that provides the closest mean arterial pressure esti-
mate at the basis time instant to a reference on training data.
The mean arterial pressure reference may be a third of the
reference systolic blood pressure plus two thirds of the
reference diastolic blood pressure rather than being a direct
measurement of mean arterial pressure. Then for a desired
transfer function, a threshold value such as one of a median
absolute deviation pressure threshold, temporal spread
threshold, or pulse amplitude threshold is determined to be
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used for comparison to comparison metrics derived from the
plurality of tactile waveforms. To reduce standard of devia-
tion of mean arterial pressure error in training data, a target
data rejection percentage is provided to further determine
the threshold values.

[0068] Additional threshold values may also be used. For
example, the plurality of tactile waveforms may be deter-
mined to be invalid if reference auscultatory measurements
differ by greater than 4 mmHg, reference auscultatory mea-
surements vary by greater than 12 mmHg (systolic) or 8
mmHg (diastolic) across consecutive trials for the same user,
user has an irregular heartbeat as determined by a study
nurse, pressure spread is greater than a pressure spread
threshold, temporal spread is greater than a temporal spread
threshold, or a low number of (e.g., less than 3) sensors
included in the tactile sensor array have a pulse amplitude
greater than or equal to a pulse amplitude threshold (e.g., 3
mmHg).

[0069] Step 314 may be followed by step 316, which
includes extracting features from the lowpass component
and the bandpass component of the plurality of tactile
waveforms (e.g., the tactile waveforms included in the
plurality of tactile waveforms not removed as outliers and/or
that met the desired threshold requirements). The features
are characteristic aspects of the plurality of tactile wave-
forms that can be utilized for generating a model for
estimating blood pressure. For example, the features may be
determined based on feature time instants identified, at least
in part, by the basis arterial pulse. The basis arterial pulse
was previously described as the arterial pulse having a pulse
amplitude greater than the pulse amplitude of any other one
of the arterial pulses included in all of the plurality of tactile
waveforms. The basis arterial pulse occurs at the basis time
instant included in a first tactile waveform of the plurality of
tactile waveforms. Feature time instants may then be deter-
mined by computing a feature curve versus time that fits
pulse amplitudes of the arterial pulses included in the
bandpass component of the first tactile waveform during the
first time period. The feature time instants are within the first
time period where there is at least one of a maximum pulse
amplitude, maximum slope, minimum slope, and/or a foot of
the feature curve. The features may be subsequently iden-
tified as the pressure of the lowpass component at the feature
time instants for each of the plurality of tactile waveforms.
[0070] Additionally, a feature pulse amplitude (e.g., of the
bandpass component) of each of the plurality of tactile
waveforms (e.g., each of the sensors in the tactile sensor
array) at the basis time, the positive envelopes of each of the
plurality of tactile waveforms (e.g., a function describing the
upper bounds of the arterial pulses) at the basis time instant
, and the negative envelopes of each of the plurality of
transformed waveforms (e.g.,, a function describing the
lower bounds of the arterial pulses) at the basis time instant
may also be extracted as features.

[0071] Step 316 may be followed by step 318, which
includes estimating blood pressure (e.g., systolic blood
pressure and diastolic blood pressure) with a machine learn-
ing algorithm. For example, one possible implementation is
a machine learning algorithm that utilizes regularized linear
regression on the features. In general, the extracted features
may be utilized for regression modeling in a machine
learning algorithm to estimate blood pressure. However, in
order to prevent overfitting of data derived from the features,
model regularization may be desired. Regularization reduces
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the model complexity and the number of variables deter-
mined by the features that are extracted. In other words,
regularization allows for the determination of which of the
features are statistically meaningful for the regression mod-
eling with the machine learning algorithm. For example, if
five feature time instants are identified as described above
and there are thirty sensors in the tactile sensor array, then
there are at least two hundred and forty variables derived
from the features. In order to reduce the computational
burden and complexity it may be desired to utilize the
regularized regression model to minimize as many variables
as possible while still staying within a threshold amount of
error. In some embodiments a linear regression model
known as Lasso is utilized that performs variable selection
and regularization of the features. Regularization decreases
the coeflicient magnitudes of the remaining model variables
(e.g., the features that are extracted). Both variable selection
and regularization are achieved via an L1-penalty to the least
squares regression cost function and increase the prediction
accuracy of the model. Separate Lasso regression models for
mean arterial pressure, systolic blood pressure, and diastolic
blood pressure may be obtained using the features extracted
from the training data (e.g., the plurality of tactile wave-
forms from the tactile sensor array values in combination
with available reference data).

[0072] While each of the steps of method 300 are dis-
cussed in a particular order, it is appreciated that steps may
be omitted, added. or arranged as needed in order to estimate
blood pressure with a tactile sensor array. Additionally, as
illustrated in FIG. 3B, steps in method 300 may be per-
formed in parallel.

[0073] FIGS. 4-14 illustrate examples of the various steps
included in method 300 of FIG. 3, in accordance with
embodiments of the present disclosure.

[0074] FIG. 4 illustrates representative changes in a shape
of arterial pulses measured at different arteries within the
circulatory system, in accordance with embodiments of the
present disclosure. The different shapes of the arterial pulses
correspond to different waveform types. As illustrated, the
frequency content increases as blood moves through the
arterial tree from the proximal end (aorta) to the distal end
(radial and digital arteries). Thus, in order to estimate blood
pressure at proximal arteries it may be desirable to apply a
transfer function to convert the plurality of tactile wave-
forms from a first waveform type (e.g., the digital artery) to
a second waveform type (e.g., the brachial artery).

[0075] FIG. 5 illustrates plots of magnitude and phase
versus frequency of different transfer functions that are
applied to the plurality of tactile waveforms, in accordance
with embodiments of the present disclosure. As illustrated,
the different transfer functions include converting pressure
measurements from digital arteries to brachial arteries 530
and converting the radial artery to aorta 520.

[0076] FIG. 6 illustrates the frequency responses of a
lowpass filter 620 and a bandpass filter 640 that are applied
to the plurality of tactile waveforms, in accordance with an
embodiment of the present disclosure. As illustrated, low-
pass filter 620 selects a portion of the plurality of tactile
waveforms having a frequency lower than a predetermined
cut-off frequency, while bandpass filter 640 selects a portion
of the plurality of tactile waveforms within a certain fre-
quency range. Thus, the lowpass component is representa-
tive of the pressure applied over the first time period without
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the pressure fluctuations, while the bandpass component is
representative of the pressure fluctuations over the first time
period.

[0077] FIG. 7 illustrates lowpass component 720 and
bandpass component 740 of the tactile waveform as pressure
with respect to time after applying one or more filters (e.g.,
lowpass filter 620 and bandpass filter 640 of FIG. 6), in
accordance with an embodiment of the present disclosure.
As illustrated, low pass component 720 correspond to the
pressure applied to the tactile sensor array by the digital
artery of the finger. Bandpass component 740 corresponds to
the pressure fluctuations (e.g., arterial pulses) caused by
blood flow within the digital artery of the finger.

[0078] FIG. 8 illustrates detecting arterial pulses from the
bandpass component of one of the tactile waveforms
included in the plurality of tactile waveforms, in accordance
with an embodiment of the present disclosure. Each of the
arterial pulses has a corresponding amplitude, one of which
has a maximum amplitude. The pulsatile pressure shows the
periodic change in pressure over the first time period due, at
least in part, to blood flow within the digital artery. Thus, by
determining the duration between peaks and valleys of each
periodic event in the bandpass region, the pulse or heart rate
of the user can be estimated. Similarly, as discussed previ-
ously, features may be extracted after identifying each of the
arterial pulses.

[0079] FIG. 9 illustrates determining whether to accept or
reject the tactile waveform as valid, in accordance with an
embodiment of the present disclosure. As illustrated, com-
parison metrics of the plurality of tactile waveforms are
compared to a pressure spread threshold and/or a temporal
spread threshold. The median absolute deviation (e.g., pres-
sure spread) 1s 12.6 mmHg, which may be less than the
pressure spread threshold value. Similarly, the time range of
the corresponding maximum pulse amplitudes of maximum
arterial pulse elements is 3.7 seconds, which may be less
than a temporal time spread threshold.

[0080] FIG. 10 illustrates determining whether to accept
or reject the tactile waveform as valid, in accordance with an
embodiment of the present disclosure. As illustrated, the
median absolute deviation (e.g., pressure spread) is 55.2
mmHg, which may be greater than the pressure spread
threshold value and thus result in the determination that the
measurement consisting of a plurality of tactile waveforms
is not valid.

[0081] FIG. 11 illustrates extracting features from the
tactile waveform, in accordance with an embodiment of the
present disclosure. As illustrated, each open circle represents
a raw pulse amplitude of an arterial pulse included in the
arterial pulses of the first tactile waveform (e.g., the tactile
waveform including the basis arterial pulse having a pulse
amplitude greater than any other one of the arterial pulses
included in all of the plurality of tactile waveforms). It is
possible to determine the feature time instants based on the
feature curve of the pulse amplitudes during the first time
period. The features include a left foot 1105 of the feature
curve, a right foot 1110 of the feature curve, a maximum
slope of the feature curve 1115, a minimum slope of the
feature curve 1120, and a maximum pulse amplitude 1125.
The feature curve may also be finely tuned based on hyper-
parameter values that may be manually or automatically
determined The hyperparameters may include a span of the
curve smoothed with a Loess regression fit and a slope
threshold for determining the foot of the curve (e.g., left foot
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1105 and right foot 1110). Regression modeling with a
machine learning algorithm may be used to generate a fit of
the features. The model may further be fine-tuned with the
hyperparameter values.

[0082] FIG. 12 illustrates error of a machine learning
algorithm that utilizes regularized linear regression on the
features to estimate blood pressure, in accordance with an
embodiment of the present disclosure. The regression model
may reduce the number of relevant features that were
extracted and subsequently reduce the complexity of the
system. As illustrated, a Lasso model is utilized which
significantly reduces the number of variables (e.g., features)
from two hundred and forty to a selected value of five. The
regression model may utilize cross validation within the
training data (e.g., the plurality of tactile waveforms from
the tactile sensor array in combination with reference data).
Such validation can be utilized to determine mean squared
error of blood pressure estimation. It may be desirable to
select the largest value of the regularization parameter
lambda such that the cross validation error is within one
standard error of the minimum mean squared error.

[0083] FIGS. 13A and 13B illustrates learning curves of
the machine learning algorithm to validate estimated blood
pressure with reference data, in accordance with an embodi-
ment of the present disclosure. The learning curves compare
the standard deviation of the estimated blood pressure (e.g.,
systolic blood pressure 1320 of FIG. 13A and diastolic blood
pressure 1360 of FIG. 13B) determined with regression
modeling to reference data based on the number of training
examples.

[0084] FIG. 14 illustrates a comparison of error for blood
pressure estimation using different hyperparameter values
with different transfer functions, in accordance with an
embodiment of the present disclosure. For example, selected
values 1440 are based on hyperparameter values of Loess
0.25 and foot 0.20.

[0085] The above description of illustrated embodiments
of the invention, including what is described in the Abstract,
is not intended to be exhaustive or to limit the invention to
the precise forms disclosed. While specific embodiments of,
and examples for, the invention are described herein for
illustrative purposes, various modifications are possible
within the scope of the invention, as those skilled in the
relevant art will recognize

[0086] These modifications can be made to the invention
in light of the above detailed description. The terms used in
the following claims should not be construed to limit the
invention to the specific embodiments disclosed in the
specification. Rather, the scope of the invention is to be
determined entirely by the following claims, which are to be
construed in accordance with established doctrines of claim
interpretation.

What is claimed is:

1. A finger-wearable blood pressure monitoring device,

the device comprising:

a cuff;

a tactile sensor array disposed on or adjacent to an inward
facing surface of the cuff, wherein the tactile sensor
array includes a plurality of sensors; and

control circuitry coupled to the tactile sensor array, the
control circuitry including logic that when executed by
the control circuitry causes the finger-wearable blood
pressure monitoring device to perform operations
including:
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monitoring, over a first time period, a pressure applied
to each of the plurality of sensors by a digital artery
of a finger;

generating a plurality of tactile waveforms in response
to monitoring the pressure, wherein each of the
plurality of tactile waveforms corresponds to the
pressure applied to a respective one of the plurality
of sensors over the first time period; and

estimating blood pressure based, at least in part, on the
plurality of tactile waveforms.

2. The device of claim 1, wherein the control circuitry
includes further logic that when executed causes the finger-
wearable blood pressure monitoring device to perform fur-
ther operations including:

applying a transfer function to each of the plurality of

tactile waveforms to convert each of the plurality of
tactile waveforms from a first waveform type to a
second waveform type, wherein the first waveform type
and the second waveform type represent blood pressure
monitored at different arteries.

3. The device of claim 1, wherein the control circuitry
includes further logic that when executed causes the finger-
wearable blood pressure monitoring device to perform fur-
ther operations including:

decomposing each of the plurality of tactile waveforms

into a lowpass component and a bandpass component
via one or more filters, wherein the lowpass component
corresponds to the pressure applied over the first time
period, and wherein the bandpass component corre-
sponds to pressure fluctuations over the first time
period due, at least in part, to blood flow within the
digital artery.

4. The device of claim 3, wherein the control circuitry
includes further logic that when executed causes the finger-
wearable blood pressure monitoring device to perform fur-
ther operations including:

detecting arterial pulses from the bandpass component for

each of the plurality tactile waveforms, wherein each of
the arterial pulses are based, at least in part, on the
pressure fluctuations due to the blood flow.
5. The device of claim 4, wherein the control circuitry
includes further logic that when executed causes the finger-
wearable blood pressure monitoring device to perform fur-
ther operations including:
determining at least one comparison metric based on at
least one of the plurality of tactile waveforms; and

determining whether to accept or reject at least one of the
plurality of tactile waveforms of the tactile sensor array
by comparing the comparison metric to a correspond-
ing threshold value.

6. The device of claim 5, wherein the control circuitry
includes further logic that when executed causes the finget-
wearable blood pressure monitoring device to perform fur-
ther operations including:

identifying a maximum amplitude arterial pulse for each

of the plurality of tactile waveforms, wherein the
maximum amplitude arterial pulse is one of the arterial
pulses having a pulse amplitude greater than any other
one of the arterial pulses in a corresponding one of the
plurality of tactile waveforms.

7. The device of claim 6, wherein the comparison metric
includes at least the maximum amplitude arterial pulse, and
wherein the corresponding threshold value is a pulse ampli-
tude threshold.
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8. The device of claim 7, wherein the control circuitry
includes further logic that when executed causes the finger-
wearable blood pressure monitoring device to perform fur-
ther operations including:

identifying a first set of tactile waveforms included in the

plurality of tactile waveforms based on comparing the
maximum amplitude arterial pulse to the pulse ampli-
tude threshold; and

determining a temporal spread metric based on time

instants of the maximum amplitude arterial pulse of the
first set of tactile waveforms, wherein the temporal
spread metric is included in the at least one comparison
metric, and wherein the corresponding threshold value
is a temporal spread threshold; and

comparing the temporal spread metric of the first set of

tactile waveforms to the temporal spread threshold.

9. The device of claim 6, wherein the control circuitry
includes further logic that when executed causes the finger-
wearable blood pressure monitoring device to perform fur-
ther operations including:

comparing the maximum arterial pulse of each of the

plurality of tactile waveforms to one another to deter-
mine a basis arterial pulse, wherein the pulse amplitude
of the basis arterial pulse is greater than the pulse
amplitude of any other one of the arterial pulses
included in the plurality of tactile waveforms, wherein
the basis arterial pulse is at a basis time instant within
the first time period.

10. The device of claim 9, wherein the control circuitry
includes further logic that when executed causes the finger-
wearable blood pressure monitoring device to perform fur-
ther operations including:

determining a pressure spread metric based on the low-

pass component at the basis time instant for each of the
plurality of tactile waveforms, wherein the at least one
comparison metric includes the pressure spread metric,
and wherein the corresponding threshold value is a
pressure spread threshold; and

comparing the pressure spread metric of the plurality of

tactile waveforms to the pressure spread threshold.

11. The device of claim 3, wherein the control circuitry
includes further logic that when executed causes the finger-
wearable blood pressure monitoring device to perform fur-
ther operations including:

extracting features from at least one of the lowpass

component and the bandpass component of each of the
plurality of tactile waveforms.
12. The device of claim 11, wherein the control circuitry
includes further logic that when executed causes the finger-
wearable blood pressure monitoring device to perform fur-
ther operations including:
detecting arterial pulses from the bandpass component for
each of the plurality of tactile waveforms, wherein each
of the arterial pulses are based, at least in part, on the
pressure fluctuations due to the blood flow;

identifying a maximum amplitude arterial pulse for each
of the plurality of tactile waveforms, wherein the
maximum amplitude arterial pulse is one of the arterial
pulses having a pulse amplitude greater than any other
one of the arterial pulses in a corresponding one of the
plurality of tactile waveforms; and

comparing the maximum arterial pulse of each of the

plurality of tactile waveforms to one another to deter-
mine a basis arterial pulse, wherein the pulse amplitude
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of the basis arterial pulse is greater than the pulse
amplitude of any other one of the arterial pulses
included in the plurality of tactile waveforms, wherein
the basis arterial pulse is at a basis time instant within
the first time period.
13. The device of claim 12, wherein the control circuitry
includes further logic that when executed causes the finger-
wearable blood pressure monitoring device to perform fur-
ther operations including:
computing a feature curve representing the pulse ampli-
tude of the arterial pulses included in a first tactile
waveform over the first time period, where the arterial
pulses of the first tactile waveform includes the basis
arterial pulse; and
determining feature time instants based on at least one of
a maximum pulse amplitude of the feature curve, a
maximum slope of the feature curve, a minimum slope
of the feature curve, or a foot of the feature curve, and

wherein the features include the pressure of the lowpass
component at the feature time instants for each of the
plurality of tactile waveforms.

14. The device of claim 12, wherein the control circuitry
includes further logic that when executed causes the finger-
wearable blood pressure monitoring device to perform fur-
ther operations including:

computing at least one of a feature pulse amplitude, a

positive envelope, or a negative envelope for each of
the plurality of tactile waveforms at the basis time
instant, wherein the features include at least one of the
pulse amplitude, the positive envelope component, or
the negative envelope.

15. The device of claim 11, wherein the control circuitry
includes further logic that when executed causes the fingetr-
wearable blood pressure monitoring device to perform fur-
ther operations including:

calculating systolic blood pressure and diastolic blood

pressure estimates using regularized linear regression
on the features.

16. The device of claim 1, wherein each of the plurality
of sensors included in the tactile sensor array are capacitive
sensors, and wherein the plurality of tactile waveforms are
based, at least in part, on capacitance values of the capacitive
Sensors.

17. A method for estimating blood pressure, the method
including;

monitoring, over a first time period, a pressure applied to
a plurality of sensors included in a tactile sensor array
by a digital artery of a finger;

generating a plurality of tactile waveforms in response to
monitoring the pressure, wherein each of the plurality
of tactile waveforms corresponds to the pressure
applied to a respective one of the plurality of sensors
over the first time period; and

estimating blood pressure based, at least in part, on the
plurality of tactile waveforms.

18. The method of claim 17, further comprising;

applying a transfer function to each of the plurality of
tactile waveforms to convert each of the plurality of
tactile waveforms from a first waveform type to a
second waveform type, wherein the first waveform type
and the second waveform type represent blood pressure
monitored at different arteries.
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19. The method of claim 17, further comprising:

decomposing each of the plurality of tactile waveforms

into a lowpass component and a bandpass component
via one or more filters, wherein the lowpass component
corresponds to the pressure applied over the first time
period, and wherein the bandpass component corre-
sponds to pressure fluctuations over the first time
period due, at least in part, to blood flow within the
digital artery.

20. The method of claim 19, further comprising;

detecting arterial pulses from the bandpass component for

each of the plurality tactile waveforms, wherein each of
the arterial pulses are based, at least in part, on the
pressure fluctuations due to the blood flow.

21. The method of claim 20, further comprising:
determining at least one comparison metric based on at
least one of the plurality of tactile waveforms; and
determining whether to accept or reject at least one of the
plurality of tactile waveforms of the tactile sensor array
by comparing the comparison metric to a correspond-

ing threshold value.

22. The method of claim 21, further comprising;

identifying a maximum amplitude arterial pulse for each

of the plurality of tactile waveforms, wherein the
maximum amplitude arterial pulse is one of the arterial
pulses having a pulse amplitude greater than any other
one of the arterial pulses in a corresponding one of the
plurality of tactile waveforms.

23. The method of claim 22, wherein the comparison
metric includes at least the maximum amplitude arterial
pulse, and wherein the corresponding threshold value is a
pulse amplitude threshold.

24. The method of claim 23, further comprising;

identifying a first set of tactile waveforms included in the

plurality of tactile waveforms based on comparing the
maximum amplitude arterial pulse to the pulse ampli-
tude threshold; and

determining a temporal spread metric based on time

instants of the maximum amplitude arterial pulse of the
first set of tactile waveforms, wherein the temporal
spread metric is included in the at least one comparison
metric, and wherein the corresponding threshold value
is a temporal spread threshold; and

comparing the temporal spread metric of the first set of

tactile waveforms to the temporal spread threshold

25. The method of claim 22, further comprising;

comparing the maximum arterial pulse of each of the

plurality of tactile waveforms to one another to deter-
mine a basis arterial pulse, wherein the pulse amplitude
of the basis arterial pulse is greater than the pulse
amplitude of any other one of the arterial pulses
included in the plurality of tactile waveforms, wherein
the basis arterial pulse is at a basis time instant within
the first time period.

26. The device of claim 25, further comprising:

determining a pressure spread metric based on the low-

pass component at the basis time instant for each of the
plurality of tactile waveforms, wherein the at least one
comparison metric includes the pressure spread metric,
and wherein the corresponding threshold value is a
pressure spread threshold; and

comparing the pressure spread metric of the plurality of

tactile waveforms to the pressure spread threshold.
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27. The method of claim 19, further comprising;

extracting features from at least one of the lowpass
component and the bandpass component of each of the
plurality of tactile waveforms.

28. The method of claim 27, further comprising:

detecting arterial pulses from the bandpass component for
each of the plurality of tactile waveforms, wherein each
of the arterial pulses are based, at least in part, on the
pressure fluctuations due to the blood flow;

identifying a maximum amplitude arterial pulse for each
of the plurality of tactile waveforms, wherein the
maximum amplitude arterial pulse is one of the arterial
pulses having a pulse amplitude greater than any other
one of the arterial pulses in a corresponding one of the
plurality of tactile waveforms; and

comparing the maximum arterial pulse of each of the
plurality of tactile waveforms to one another to deter-
mine a basis arterial pulse, wherein the pulse amplitude
of the basis arterial pulse is greater than the pulse
amplitude of any other one of the arterial pulses
included in the plurality of tactile waveforms, wherein
the basis arterial pulse is at a basis time instant within
the first time period.

12
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29. The method of claim 28, further comprising;

computing a feature curve representing the pulse ampli-
tude of the arterial pulses included in a first tactile
waveform over the first time period, where the arterial
pulses of the first tactile waveform includes the basis
arterial pulse; and

determining feature time instants based on at least one of
a maximum pulse amplitude of the feature curve, a
maximum slope of the feature curve, a minimum slope
of the feature curve, or a foot of the feature curve, and

wherein the features include the pressure of the lowpass
component at the feature time instants for each of the
plurality of tactile waveforms.

30. The method of claim 28, further comprising;

computing at least one of a feature pulse amplitude, a
positive envelope, or a negative envelope for each of
the plurality of tactile waveforms at the basis time
instant, wherein the features include at least one of the
pulse amplitude, the positive envelope component, or
the negative envelope.

31. The method of claim 27, further comprising:

calculating systolic blood pressure and diastolic blood
pressure estimates using regularized linear regression
on the features.
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