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SMART WRISTBAND FOR ampli®ed using analog circuitry to characterize the arterial
MULTIPARAMETER PHYSIOLOGICAL pulse waveform signal. The arterial pulse wave signal is then
MONITORING digitized via an analog to digital converter (ADC) by the
microcontroller. Quite often, LEDs of different colors (or
CROSS REFERENCE TO RELATED 5 wavelengths) are utilized within the re ective PPG meth-
APPLICATIONS odology to acquire multiple pulse waveform signalsBsuch

that each pulse waveform signal corresponds to a speci®c
This application is a Continuation-in-Part of U.S. patent |LED color or wavelength. The acquired arterial pulse wave-
application Ser. No. 17/193,833, titled @Smart Wristband for form Signa|5 are ana|yzed to evaluate and monitor param-
Multiparameter Physiological Monitoring®, which was ®I€8 gters like HR, SpQ and NIBP.
on Mar. 5, 2021 and issued on May 24, 2022 as U.S. Pat. NO. \jgreover, smartwatches and health bands manufactured
11,337,615B2, and which claims priority to and bene®t Ofby companies such as Apple, Fitbit, Samsung, and those

U.S. Provisional Patent Application Ser. No. 62/986,199, yigcjosed in other prior art often have the functionality to
T 020, e conents o AN rSscauie an ECG signl fom e wis. To his end, a 5et o
all pur);)osesp y dry electrodes are provided on the backplate of the smart-
’ watch while another set of dry electrodes are provided on the
TECHNICAL FIELD smartwatch face. When the user wears the smartwatch on
one wrist, the backplate electrodes contact the skin of the
In general, the present invention relates to multiparamegefvrist. The user then touches the smartwatch face electrodes
monitoring in humans with wearable technology, and in with a ®nger of the other hand. This completes the ECG
particular to non-invasive blood pressure (NIBP), blood circuit and con®gures the electrodes to measure the biopo-
oxygen saturation (Spf heart rate (HR), HR variability ~tential difference between the left and right side of the body.
(HRV), respiration rate (RR), temperature, arterial pulse,Internally, these electrodes are connected to a differential
and electrocardiogram (ECG) monitoring utilizing an ergs- ampli®er that ampli®es and conditions this biopotential

nomically designed smart wristband. difference to characterize the ECG signal. The ECG signal
is then digitized via an ADC by the microcontroller. The
BACKGROUND acquired ECG signal is analyzed to evaluate and monitor

parameters like HR and HRV.

The very ®rst wrist wearable device is the mechansml Based on the ongoing discussion, it is evident that non-
movement timekeeping wristwatch that was developed ininvasive wrist-worn physiological monitors offer the most
the early 19th century. natural, convenient, and unobtrusive method for monitoring

With rapid advancements in semiconductor and comput-health. However, despite all the advancements described
ing technologies, wristwatch technology has witnessed aabove, wrist-worn physiological monitoring technology still
massive growth whereby timekeeping has been accura®lgeems to suffer from two major problems. These two prob-
and efficiently accomplished via microcontrollers, digital lems are brie'y described below.
crystals, and electronic displays. Moreover, modern day The ®rst problem is the inability of non-invasive wrist-
wristwatches have become increasingly smart and multiavorn monitoring technology to achieve clinical-grade accu-
functional such that in addition to timekeeping, they canracy and consistency for assessing various physiological
easily perform tasks like browsing the Internet, makinga parameters, especially, Sp@nd NIBP. The main reason for
telephone call, and playing audio/video media. this problem is perhaps the complex wrist physiology

More recently, smartwatches or smart wristbands havewvhereby arteries and capillaries are embedded deep inside a
been employed for non-invasively monitoring a variety of bony anatomical structure which hinders clean arterial pulse
physiological phenomena and physical activity that enablesvaveform data acquisition via the re ective PPG method-
users to keep track of their health. These devices arelogy. When acquired pulse waveform data is low-®delity
generally provided with biosensors that contact the skin ofand noisy, accurate estimation of parameters like Szt
the user when worn around the wrist. In conjunction with an NIBP from this data becomes problematic.
analog signal conditioning circuitry and a microcontroller, The second problem is the failure of non-invasive wrist-
these biosensors acquire a variety of physiological data likevorn monitoring technology to conveniently and seamlessly
arterial pulse waveform and electrocardiogram (ECG) sig-integrate multiparameter physiological monitoring. For
nals, which are then analyzed to evaluate parameters like HRxample, at least 6 vital signs including HR, HRV, SpO
and blood oxygen saturation (SpOUser activity is gen-  NIBP, RR, and body temperature are of paramount impor-
erally monitored by analyzing the data collected by antance for not only assessing overall health but also for
accelerometer (ACL) provided in the device. assessing various conditions like hypertension, chronic

Smartwatches and health bands manufactured by corspabstructive pulmonary disease (COPD), atrial ®brillation
nies like Apple, Fitbit, Samsung, Garmin, OshenWatch, and(AF), sleep apnea, heart failure (HF), and febrile events. Yet,
those disclosed in other prior art utilize the re ective pho- none of the existing technologies seem to offer accurate
toplethysmography (PPG) technique to acquire arterial pulseneasurement of all these parameters in a single wrist-worn
waveform signals from the wrist. This technology generally device. The main reason for this problem is perhaps the fact
comprises a photodiode (PD) or optical sensor along withthat wrist-worn multiparameter monitoring technology is
closely located light emitting diodes (LEDs) that contact the still undergoing development whereby further advance-
skin of the wrist. When the LEDs glow, some light from the ments and enhancements are forthcoming.

LEDs is absorbed by the skin while the remainder is Therefore, the ®eld of non-invasive wrist-worn clinical-

re ected back. The PD picks up the re ected light that grade multiparameter monitoring offers several opportuni-
changes its intensity based on the changes in blood volesnées for the development of ground-breaking technologies
inside capillaries caused by the pumping of the blood by thethat promise to usher in a paradigm shift in the manner in
heart. The signal picked up by the PD is conditioned andwhich health is monitored.
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SUMMARY In another embodiment, the smart wristband is designed
to be fully standalone whereby it is additionally equipped
The present invention is directed towards non-invasivewith a touchscreen display on its top face, an internal
clinical-grade multiparameter monitoring. memory, and a GPS module. Moreover, the fully standalone
In one example embodiment, there is provided a n@n_smgrt wristband can be. provided with two EQG electrodes
invasive, unobtrusive, sleek, single-piece, geometric sta®n its backplate and a third ECG electrode on its top face that
dium-shaped wearable smart wristband related to clinical/nay be interfaced with an analog differential signal ampli-
grade continuous multiparameter physiological monitoring. ®cation and conditioning circuitry. The output from the
The smart wristband in one example is a sealed, waterproof?n@/0d differential signal ampli®cation and conditioning

and dustproof unit made from materials like thermoplagt?cé'rcu'try is capable of connecting to the fourth ADC channel

: of the microcontroller. When the smart wristband is worn on
polymers. Moreover, straps made_from an elastomeric mate'Ehe wrist, the PPG sensors, the backplate ECG electrodes,
rial can be provided on the device for attachment to the

st Th istband b ioped with . and the thermopile sensor contact the skin of the wrist.
wrist. The smart wristband may be equipped with a micro- — aqgitionally, the user touches the ECG electrode on the

controller with Wi-Fi and/or Bluetooth capabilities and may o face of the device with a ®nger of other hand. With this
utilize a rechargeable battery for power. Moreover, the smarton@guration, the fully standalone smart wristband acquires
wristband may also be provided with a 3-axes ACL that is 3_channel arterial pulse waveform data, single channel ECG
interfaced with the microcontroller via the inter-integrated waveform data, temperature data' ACL data, and GPS data.
circuit (12C) bus. Associated software running on the microcontroller can be
In a further example embodiment, the smart wristbandcon®gured to enable the touchscreen display to show incom-
backplate is provided with three custom-designed re ectiveing data in real-time. Moreover, algorithms and software
PPG arterial pulse sensors. Each re ective PPG arteriatunning on the microcontroller are capable of processing
pulse sensor can comprise one PD surrounded by thremcoming data to evaluate parameters including NIBP, SpO
LEDs. The three re ective PPG arterial pulse sensors mayHR, HRV, RR, temperature, user activity, and user location,
be spread along the length of the stadium-shaped backptatnd various results may be presented on the touchscreen
which in one embodiment could be approximately 3.0" long. display. Other information can also be presented on the
Each of the three custom-designed re ective PPG arteriabcreen. The fully standalone version of the smart wristband
pulse sensors can be interfaced with an analog signal corhas the functionality to store all information locally in its
ditioning and ampli®cation circuit. Output from each of the internal memory. Moreover, the device is con®gured to
three analog signal conditioning and ampli®cation circaitsoptionally utilize the Wi-Fi, Bluetooth, or other protocols to
can be connected to a separate ADC channel of the microtransfer or stream information directly or from its internal
controller. memory to the cloud and/or to other external devices.
Additionally, in an example embodiment, the device Therefore, as described above, this functionality facilitates
backplate is provided with a thermopile temperature sensoseamless remote multiparameter physiological monitoring.
in between two of the three re ective PPG arterial pue In relation to the fully standalone smart wristband, it will
sensors. The thermopile temperature sensor may be intebe obvious to those skilled in the art that in case the user
faced with the device microcontroller via the 12C bus. does not touch and hold the electrode provided on the device
When the smart wristband is worn on the wrist, in one top face with a ®nger of the other hand, no ECG data will
aspect, the length of stadium-shaped device aligns with thée acquired. In that case the device will only acquire and
forearm, and the PPG and thermopile sensors contactdhprocess 3-channel arterial pulse waveform data, temperature
skin of the wrist. With this con®guration, the smart wrist- data, ACL data, and GPS data, and report associated param-
band acquires 3-channel arterial pulse waveform data, temeters.
perature data, and ACL data, and utilizes the Wi-Fi or In one example, the smart wristband supports both
Bluetooth protocol to wirelessly stream this data in real-timemanual and continuous monitoring. In manual monitoring,
to a mobile device (for example, smartphone, tablet, ets.)the user initiates a measurement that lasts a time period, such
and/or a computer (for example, laptop, desktop computeras 30 seconds, after which all data is analyzed, and results
etc.) running associated software to make this data transfeare reported. In continuous monitoring, the device automati-
possible. Additional associated software running on thecally initiates a time period, such as a 30-second-long
mobile device and/or computer may be con®gured to enablmeasurement every 15 minutes, analyzes data, and reports
the smart wristband to leverage their respective displaysot@ssociated results. Again, it will be obvious to those skilled
enable visualization of all incoming data. Specialized algo-in the art that the duration of the measurements and their
rithms, applications, and software running on the mobilefrequency can be easily modi®ed as per desired monitoring
device and/or the computer are capable of analyzing theneeds.
incoming data to evaluate and report various parameters In a further example embodiment, the arrangement of the
including cuff-less NIBP, SpQ HR, RR, temperature, ands three re ective PPG arterial pulse sensors along the length
user activity. Additionally, the algorithms, applications, and of the backplate of the smart wristband allows measurement
software running on the mobile device and/or the computerof an important NIBP-related parameter called pulse transit
may utilize the global positioning system (GPS) capabilitiestime (PTT) between the three arterial pulse waveform sig-
of these devices to detect and report user location. Associnals. Since the distances between the three re ective PPG
ated software running on the mobile device and/or #oearterial pulse sensors are also known, another NIBP-related
computer can enable storage of all information locally parameter called pulse wave velocity (PWV) can also be
and/or utilize the Wi-Fi, Bluetooth, or other protocols to easily computed. Moreover, the amplitude of each of the
transfer and store this information in the cloud and/or onthree arterial pulse waveform signals is also related to the
other external devices. All stored information can then beNIBP. In one example, the device is calibrated or trained by
transferred from one point to another, utilizing the Interset building correlations between three PTT and three pulse
or other communication protocols, thus making remoteamplitude metrics, and NIBP measured by a standard device.
multiparameter physiological monitoring possible. Once calibrated or trained, the correlation model can be used
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to independently evaluate and report NIBP with clinical- In one example of the multiparameter smart wristband,
grade accuracy. Preprocessing of the data from the bioserthe LEDs in each of the three re ective PPG arterial pulse
sors can be undertaken using various digital signal processsensors are always on. This could potentially cause the
ing (DSP) techniques such as resampling and digital ®ltering EDs to heat up and could also lead to the LEDs associated
for removing unwanted noise and preparing the data $orwith one PD to cause interference in other PDsPleading to
further analyses. This cam be followed by undertakingloss in signal quality. To mitigate this problem, in one
comprehensive data analysis utilizing specialized algorithmsxample, the multiparameter smart wristband may control
and software. The biosensors acquire a variety of physithe LEDs associated with each of the three PDs via three
ological data such as arterial pulse waveform, electrocarpulse width modulation (PWM) signals generated by three
diogram (ECG) signals, HR, HRV, SpONIBP, RR, body 10 digital input/output (DIO) channels of the microcontroller.
temperature, and user activity data. The three ADC channels interfaced with the three PDs can
In one embodiment of the smart wristband, the colors ofthen be programmed to read data from a PD only when the
the LEDs used in the three re ective PPG arterial pulseLEDs associated with that PD are on, as determined by the
sensors are green (GRN1), yellow (YLW), and greenduty cycles of the three PWM signals.
(GRNZ2) respectively. With this con®guration, utilizing difs  In one example, to enhance and standardize arterial pulse
ferent wavelengths of greer%17 nm) and yellow 590  waveform signal quality and ®delity over all users, the
nm) light and their different absorption and re ection inten- multiparameter smart wristband utilizes the automatic gain
sities by oxygenated and deoxygenated blood, two ;SpO control (AGC) technique. Here, gain of each of the three
values (i. GRN1/YLW Sp@and ii. GRN2/YLW SpQ) may  arterial pulse ampli®ers may be controlled via a digital
be computed. The two computed Sp®@alues may be20 potentiometer that is also connected to the microcontroller,
combined or fused using techniques such as arithmetic meafor example via the 12C bus. For each of the three arterial
and weighted geometric mean to evaluate and repor, SpOpulse waveform signals read by an ADC channel, the
with clinical-grade accuracy. microcontroller may compute a peak-to-peak amplitude and
In another embodiment of the smart wristband, the colorsaccordingly alter the associated potentiometer's resistance
of the LEDs used in the three re ective PPG arterial putsevia the 12C bus to change the corresponding ampli®er's gain
sensors are red-660 nm), IR (940 nm), and green-617  such that the peak-to-peak amplitude always stays above a
nm) respectively. With this con®guration, three $p@lues  given value, for example, 2.0 V. In a further example, the
(i. red/IR SpQ, ii. green/red SpQ and iii. green/IR Spg) AGC technique described above may also be applied to the
may be computed as described above. Again, the computeBCG signal to enhance and standardize its quality and
SpQ, values may be combined or fused using variaes®delity over all users.
techniques to evaluate and report Sp&th clinical-grade In one embodiment, the multiparameter smart wristband
accuracy. generates various health alerts based on the measured
In a further aspect of the smart wristband, a HR value isparameters and user activity level as determined by the ACL.
calculated for each of the three arterial pulse waveformFor example, if the ACL data shows the subject at rest and
signals, resulting in three HR measurements per recordingthe HR value is above 100 beats per minute (BPM), a
These computed HR measurements may be combined usingichycardia alert may be generated. Similarly, if the subject
methods such as weighted mean to evaluate and report HR$ resting and the NIBP value is above 140/90 mmHg, a
with clinical-grade accuracy. In another example, HRV hypertension alert may be generated.
information from the three arterial pulse wave signals and Though this invention is described as related to a wear-
the ECG signal may be fused to evaluate and report HRVable multiparameter smart wristband that can be attached to
with clinical-grade accuracy. a user's left or right wrist, the underlying design and
In one example of the multiparameter smart wristband,principle of the invention can be extended to a wearable
respiratory sinus arrythmia (RSA) induced modulations indevice that can be attached and used at any location along
the three arterial pulse amplitudes, three arterial peak-toany of the two upper or even the two lower limbs for
peak intervals (PPIs), and three arterial PTTs may be utilizecphysiological monitoring. One example comprises the smart
to estimate nine RRs, which may be followed by fusion of wristband worn and used on the left wrist. Another example
all calculated RRs to report RR with clinical-grade accuracy.comprises the device worn and used on upper the right arm.
An arterial pulse originates at the heart and then travels tovet another example comprises the smart wristband worn
the periphery of the limbs. The described multiparameterand used on the left ankle. It will be appreciated that the
smart wristband detects pulse arrival at three distinct lc@a-multiparameter smart wristband could be a smartwatch or
tions along the wrist to measure three arterial pulses ancny other similar wearable.
three arterial PTTs. If the device is attached on the wrist in
the correct direction, the estimated PTTs will be positive, BRIEF DESCRIPTION OF THE DRAWINGS
and all related parameters will be computed accurately.
However, if the device is attached on the wrist in the wrossy  FIG. 1 illustrates the multiparameter smart wristband
direction, that is, it is rotated by 180 degrees, the estimatedvorn by a user on the left hand and tethered wirelessly to a
PTTs will be negative, and the computation of related tablet for monitoring data along with other external devices
parameters will suffer. In one embodiment, to overcome thisto which monitored data is transferred.
limitation, the smart wristband ®rst checks the signs of the FIGS. 2A-2B illustrate the multiparameter smart wrist-
measured PTTs. If the PTTs are found to be positive,enoband with its top face, power button, and backplate that
action is taken, and the computations proceed normallyincorporates re ective PPG arterial pulse sensors and ther-
However, if PTTs are determined to be negative, a warningmopile sensor.
may be generated to inform the user to correct the direction FIG. 3 illustrates an exploded view of the multiparameter
of the attachment of the smart wristband. As an alternativesmart wristband showing various components.
to changing the placement of the wristband, any detee®ed FIG. 4 illustrates an operational diagram of the multipa-
negative PTT values may be transformed to positive valuesameter smart wristband showing several components and
prior to carrying out associated computations. their various connections.
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FIG. 5 illustrates a fully standalone version of the mul- the device backplate (not shown) with the skin of the wrist.
tiparameter smart wristband worn by a user on the left handThe smart wristbandlO2 runs embedded software and
for monitoring data along with other external devices to communicates wirelessly with a tabl&d6 running a dedi-
which monitored data is wirelessly transferred. cated application to accomplish real-time data acquisition

FIG. 6 illustrates a fully standalone version of the mus- and streaming to the tabl&06 via protocols such as Wi-Fi
tiparameter smart wristoand worn by a user on the left handand Bluetooth. The data transferred by the smart wristband
with the index ®nger of the right hand touching the top facel02 to the tablet106 includes 3-channel arterial pulse
ECG electrode for monitoring data that includes ECG datawaveform signald08 110 112acquired and streamed at a
along with other external devices to which monitored data issampling rate of 100 Hz each utilizing three re”ective PPG
wirelessly transferred. 10 arterial pulse sensors (not shown) provided on the backplate

FIGS. 7A-7B illustrate a fully standalone version of the of the smart wristban@i02 ACL data acquired and streamed
multiparameter smart wristband with its top face, powerat a sampling rate of 10 Hz utilizing an ACL sensor (not
button, and backplate that incorporates re ective PPG arteshown) provided inside the smart wristbahd2 and tem-
rial pulse sensors, thermopile sensor, and ECG electrodegperature data acquired and streamed at a sampling rate of 1.0

FIG. 8illustrates an exploded view of the fully standalomng Hz utilizing a thermopile sensor (not shown) provided on the
version of the multiparameter smart wristband showingbackplate of the smart wristbardid2 The dedicated appli-
various components. cation running on the tablet06 simultaneously acquires

FIG. 9 illustrates an operational diagram of the fully GPS data at a sampling rate of 1.0 Hz utilizing the GPS
standalone version of the multiparameter smart wristbandcapabilities of the tablet06. In this example, all acquired
showing several components and their various connectighglata is analyzed by the dedicated application running on the

FIGS. 10A-10B illustrate that when the multiparameter tabletl06to report parameters such as NIBP, SpER, RR,
smart wristband is attached to the wrist in the correcttemperature, location, activity, PTT, and PVI¥4 In this
direction, PTT values are positive. embodiment of the smart wristband, the dedicated applica-

FIGS. 11A-11B illustrate that when the multiparameter tion running on the tablet06is capable of transferring all
smart wristband is attached to the wrist in the incorregtmonitored data to other external devicks5 such as the
direction, PTT values are negative. cloud, smartphones, and computers, thus enabling seamless

FIG. 12 illustrates the PWM technique that is utilized remote physiological monitoring. It will be obvious to those
inside the multiparameter smart wristband for switching skilled in the art that the tablé06can be easily replaced by
LEDs associated with the three PD sensors and synchrosther similar computing devices such as a smartphone, a
nously reading data from these PD sensors. 30 laptop, and a desktop computer without affecting the overall

FIG. 13 illustrates an operational diagram of the AGC functionality of the exemplary monitoring system. More-
scheme that is utilized inside the multiparameter smartover, the data sampling frequencies mentioned in the
wristband to standardize arterial pulse waveform signaldescription represent only one example and can be changed
quality and ®delity over all users. as per desired monitoring requirements. Operation of the

FIG. 14 illustrates an operational diagram of the AGEB smart wristbandl02 is described in further detail below,
scheme that is utilized inside the multiparameter smartwith an exemplary application shown in FIG9.
wristband to standardize ECG signal quality and ®delity FIGS.2A-2B illustrate an example of the multiparameter
over all users. smart wristband with its top face, power button, and back-

FIG. 15 illustrates a “owchart depicting the method of plate that incorporates re ective PPG arterial pulse sensors
manual and continuous monitoring accomplished by #heand a thermopile sensor. In this embodiment, the smart
multiparameter smart wristband. wristband102comprises a “at top fac202with no display.

FIG. 16illustrates a “owchart depicting the generation of A power buttor204is utilized to switch the smart wristband
various health alerts by the multiparameter smart wristband102on and off. When the power butt@®4is used to switch

FIG. 17 illustrates examples of various locations on the the smart wristoand02 on, an LED provided inside the
human body where wearables employing the underlyagdevice (not shown) turns on, the light from which is trans-
design and principle of the multiparameter smart wristoandmitted to the device's top fac202 via a light pipe (not
can be attached to undertake monitoring. shown) to indicate that the device is on. The backpkié

FIGS.18A-18B illustrate the multiparameter smart wrist- is provided with three re ective PPG arterial pulse sensors.
band and the fully standalone version of the multiparameterThe ®rst PPG arterial pulse sensor comprises a2b®
smart wristband being charged on two different kindssef surrounded by three LED&10 of a given color. Moreover,
wireless charging units. the second PPG arterial pulse sensor comprises 2 2D

FIG. 19 illustrates how the multiparameter smart wrist- surrounded by three LED214 of another color. Addition-
band of FIG.1 accomplishes PTT and PWV measurementsally, the third PPG arterial pulse sensor comprises 2P®

in accordance with an aspect of the disclosure. surrounded by three LED218 of yet another color. The
55 backplate206 is also provided with a thermopile tempera-
DETAILED DESCRIPTION ture senso220 that is placed in between the second and

third PPG arterial pulse sensors. The LER2®2 on the

A preferred embodiment of the present invention will be backplate206 indicate the charging status of the smart
set forth in detail with reference to the drawings, in which wristband102 The screw224 are used to fasten together
like reference numerals refer to like elements or metodthe backplate206 and top face202 of the smart wristband
steps throughout. 102

FIG. 1 illustrates one embodiment of the multiparameter One skilled in the art will appreciate that variants exist in
smart wristband worn by a user on the left hand and tetheredhe arrangement and con®guration of the components on the
wirelessly to a tablet for monitoring data along with other backplate206. For example, the thermopile temperature
external devices to which monitored data is transferredednsenso220may be located between the ®rst and second PPG
this example, the smart wristbat@2is worn by the user on  arterial pulse sensors. Similarly, two or more of the LED sets
the left handLO4resulting in the contact of the biosensors on 210, 214 and 218 could have the same colour.
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In one example the smart wristbah@2is in the shape of is integrated with the strapl2 The gasket portioi318 of
a geometric stadium of overall length 3.45", overall width the strap312 helps to make the device waterproof and
1.60", and overall thickness 0.55". Moreover, the distancedustproof. The straB12may also be provided with a clasp
between: (i) P208of the ®rst PPG arterial pulse sensor and314and holes316that enable the device to be conveniently
the PD212of the second PPG arterial pulse sensor is 0.98"fastened around the wrist to achieve a snug ®t. Other
(i) PD 212of the second PPG arterial pulse sensor and theyrrangements of clasps, holes, and materials for formation of

PD 216 of the third PPG arterial pulse sensor is 1.64", andihe device stra812 may be used. For example, VelcroY
(iii) PD 2080f the ®rst PPG arterial pulse sensor and the PDyq g be used for closure of the straps. In addition, while
216 of the third PPG arterial pulse sensor is 2.62". There-iny gjon of the gaske318 provides advantages, the gasket
fore, when the smart wristbarid?2 is worn on the wrist as10

. . -~ 318 is optional and the strapl2 may be manufactured
shown in FIG.1, the PPG arterial pulse sensors described_ . . .
above measure three arterial pulse waveform signals at thregIthOUt it. Furthermore, the strap may be formed of multiple

distinct locations along the wrist separated by distances o leces if rqulred. While it is advantageous to manufacture
0.98", 1.64", and 2.62". Since the arterial pulse wave travel hg smart wristband as a sealed,_vx_/aterproof, and dustproof
from the heart to the periphery of the limbs, the abage UNit, other con®gurations are envisioned that are not sealed,

arrangement of PPG arterial pulse sensors enable acquisitigffaterproof, and/or dustproof, depending upon the needs of
of three arterial pulses with three different pulse arrival the user. In addition, the strap could be formed of other
times. These different pulse arrival times enable the com-material besides elastomeric rubber, such as nylon-like
putation of three PTT metrics. Moreover, since the distancegnaterial or other suitable materials.

between each of the three PDs are known, the computation FIG. 3 also shows a rechargeable batt&g6 provided

of three corresponding PWV metrics is straightforward.  inside the device. In one example, the device PZIR is

One skilled in the art will appreciate that variants exist in provided with Qi wireless charging circuitry to which is
the sizing of the smart wristband and location of the threeattached a charging co808 With this con®guration, the
PPG arterial pulse sensor. It is only necessary for the threelevice battery306 is charged utilizing the Qi wireless
separate PPG arterial pulse sensors to be spaced aparsincharging protocol. The wireless charging circuitry integrated
manner to detect three separate arterial pulses; accordinglyith the PCB304 enables the device battery to be charged
the exact location of the PPG arterial pulse sensors withinvirelessly with a standard wireless charger. This enables the
the backplat@06 can vary. Similarly, the size and shape of device enclosure to be completely sealed, simplifying the
the smart wristband 02 can vary. For example, while an waterproo®ng requirement. Other forms of power sources
oblong or oval shape of a geometric stadium is prefermd for the device can be contemplated, such as through remov-
one skilled in the art could con®gure the shape as rectarable and/or replaceable batteries or through wired charging.
gular, circular or any other shape that would accommodate With reference to FIG3, an optional light pipe310 is
three separate PPG arterial pulse sensors spaced apart irpeovided to carry light from the power on indication LED
manner to detect three separate arterial pulses. (not shown) provided on the PCE4to the top fac&02 of

FIG. 3 illustrates an exploded view of the exampte the multiparameter smart wristbat@2 Finally, the screws
multiparameter smart wristband showing various compo-224 fasten all components together.
nents. In one example embodiment, the backp2d® FIG. 4 illustrates an exemplary operational diagram of the
comprises a light barrier boundaB@2 that prevents light multiparameter smart wristband showing several compo-
crosstalk between various LEDs and PDs to enable acquinents and their various connections. The brightness of the
sition of high-quality arterial pulse waveform data. In4a three LED cluster@10, 214, 218may be controlled via three
further example embodiment, the backpl2@6 is manu- resistorgd02, 404, 406respectively. The three P28 212,
factured via the industrial co-moulding process whereby the216 are connected to three analog signal ampli®cation and
backplate material is moulded using acrylonitrile butadieneconditioning circuits408, 410, 412respectively, the outputs
styrene (ABS) while each of the window cut-outs for the of which are connected to three ADC channels (ADCO,
PDs208 212 216 LEDs 210, 214, 218 222 and thermo-45 ADC1, ADC3) of the microcontrolled14. The thermopile
pile sensor220is moulded using transparent acrylic. This temperature sens@20may be connected to the microcon-
process creates individualized transparent acrylic lenses thatoller 414 via the 12C bus. Moreover, ACL sensét6 may
separately cover each LED, each PD, and the thermopil@lso be connected to the microcontrodddthrough the 12C
sensor. There are two advantages of the described cdus. Aradio transceivetl8along with an antennd20may
moulding process. First, it fully encapsulates the LEX2§, 50 be connected to the microcontrolldd4 that enables the
214,218 222 PDs208 212 216, and the thermopile sensor smart wristband to communicate wirelessly with the outside
220 to efficiently provide waterproo®ng and dustproo®ng.world utilizing protocols such as Wi-Fi and Bluetooth.
Secondly and most importantly, it restricts any internal light  Referring to FIG 1, FIG. 2B, and FIG 4, in one embodi-
spread within a lens to that lens only, again preventing lightment, the LED cluste210comprises three green LEDs (D
crosstalk between various LEDs and PDs to enable acgplib;, Dg), the LED cluste214 comprises three yellow LEDs
sition of high-®delity arterial pulse waveform data. Other (D, Dg, Dg), and the LED cluste218comprises three green
methods of manufacturing may also be used to manufactureEDs (D, D,4, D;5). The three acquired pulse waveform
the backplate206. signals can therefore be referred to as green 1 (GRKR)

In the example embodiment shown in FIG.the PDs  yellow (YLW) 110, and green 2 (GRN2)12 since these
208 212 216, LEDs 210, 214 218 222 and thermopileeo signals are collected by three P28 212 216 that
sensor220 are mounted (not shown) on a custom-designedcorrespond to the gre@10, yellow 214, and greer218LED
printed circuit board (PCB304 The power buttor204 is clusters. The pulse arrival time for each of the three pulse
also mounted on the PCE®)4. Other types of mountings can waveform signald08 110, 112will be different. Therefore,
be contemplated by those skilled in the art. it can be assumed that the time at which signal GRR&

Referring to FIG 3, in one embodiment, the device strap peaks is g, the time at which signal YLWL10 peaks is
312 may be made from elastomeric rubber. The s84g T, and the time at which signal GRN2L2 peaks is
may be manufactured as a single piece wherein a g88l8et Tsrpp- The three PTTs can therefore be de®ned as follows:
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PTTva=Tviw Term (€} the unit of measurement is mmHg. In equations (7) and (8),
the NIBP term can be replaced by either SP or DP. Since SP
PTTeov=Torre Tyiw @ s different in magnitude (generally 120 mmHg) than the DP
(generally 80 mmHg), separate regression models (of the
PTc2c1=Torme: Torn ® 5 type shown in equations (7) and (8)) are built for SP and DP.

Further, based on the distances between the three PDOnce calibrated, these models may be utilized to evaluate
208 212 216 and equations (1) to (3) above, three PWVs and report cuff-less SP and DP with clinical-grade accuracy.
can be de®ned as follows: Calibration and training may occur using a standard
peripheral BP monitor on a per subject and population

PW\,,=0.98PTT, 4 . ) ; .
Ve e “ 10 cohort basis. Relationship mappings between PWV and
PWVp,=1.64P Ty ®) systol_ic/diast_olic pressure may be _created using_ various
techniques like statistical linear/nonlinear regressions and

PW\561=2.62P T 5061 (6) arti®cial neural network modeling. An advantage is that the

relationship mappings can also be created using an aortic/
15 carotid BP monitor. Therefore, after calibration and training,
eripheral and/or aortic/carotid BP can be reported using
TT/PWV information obtained from the acquired PPG
ulse waveform data. The device may be calibrated and
ained by creating relationship mappings between pulse
eaks/troughs/amplitudes and standard peripheral and/or
ortic/carotid BP devices.
The multiparameter smart wristbad®2 may combine

Since the distances between the three RO& 212, 216
are always ®xed in the multiparameter smart wristti0#]
the resulting measurements of the PTT and PWV metric
will be standardized across all subjects. That is, any differ-
ences observed in these metrics across various subjects w
be actual differences that arise due to subject physiol9€
alone and not due to the measurement mechanism. d%j
example, if PTT is measured using an ECG signal and an

arterial pulse waveform signal measured at the index ®ngeg, o yhree PPIs using various statistical and computational

the v_alue .Of the measured PTT will be dependent on thet chniques to evaluate HR with clinical-grade accuracy. In
physical distance between the heart (where the ECG signgl\s ayample, a non-weighted mean is used as follows:
originates) and the index ®nger (where the pulse waveform '

signal is measured). This physical distance will change for HR=60/[(PPlg,+PPI+PPlg)/3] )
every subject based on characteristics like height and built. Referring to equation (9), the unit of measurement of PPIs

Therefore, the PTT measured via this method will not bejs seconds and division of 60 by the average of PPIs results
standardized across all subjects and differences obseére{qﬁ a HR reported in BPM.

across subjects will also be a function of factors such as |n one example, the multiparameter smart wristba0a
subject height and build. Moreover, to compute PWV, themay utilize the RSA induced modulations in the three
above-mentioned physical distance will have to be measure@rterial pulse amplitudes, three PPIs, and three PTTs to
or known, making the ECG-based method of PTT measureestimate nine RRs in breaths per minute (BRPM). This may
ment cumbersome. On the other hand, the design of thge followed by fusion of all calculated RRs utilizing various
multiparameter smart wristbanti02 offers an extremely ~ mathematical and computational techniques to report RR
standardized and convenient method of measuring PTT anglith clinical-grade accuracy. Key steps of RR computation
PWV. _ _ are: (i) peak detection, (i) peak interpolation, (i) bandpass
Referring to FIG.1, the respective amplitudes of the @itering, (iv) peak detection & respiration rate extraction,
GRN1108 YLW 110 and GRN2112pulse waveforms car), and (v) fusion of all respiration rates. In one embodiment,
be represented by &, A, Ag,. Similarly, the respective  the nine resulting RRs are aggregated by computing their

PPIs can be represented by BRIPPL, PPL,. ~ weighted mean as follows:
The PTT, PWV, and pulse amplitude information obtained

from the three arterial pulse waveform signa08 110, and

112 can be combined using various statistical and compu- 2 " 'WerRR HoL
tational techniques to evaluate NIBP. In one embodiment, RR= gge‘;:ejggg);egeeegsgeeegeeeegeeeeeeeeegggeeegee
the three PTT and the three pulse amplitude metrics are UiZo Weri

combined inside a multiple regression model to determine

NIBP as follows: In equation (10), the weights are represented by-W

NIBP=By+B,*PT Ty +B*PT Ty +Bs*PTToe1+ 50 whereby the total number of RRs are n=9. In this manner,
Bi*Ac1tBs*AvtBs A M aggregated RR may be evaluated and reported in BRPM

The multiple regression model described in equation (7)With clinical-grade accuracy. _ - _
is trained utilizing simultaneous measurements from the [N one embodiment the smart wristbabd, utilizes: (i)
multiparameter smart wristbartD2 and a standard NIBP  the ratio between GRN1 and YLW pulse waveform signals
device on various subjects to determine constangBB 55 10 evaluate a ®rst SpOralue and (ii) the ratio between
Once trained, the linear regression model of equation (7\RN2 and YLW pulse waveform signals to evaluate a
may be used to evaluate and report cuff-less NIBP withS€cond SpOvalue. In another example, the multiparameter
clinical-grade accuracy. smart wristband102 employs red, IR, and green LED

In another embodiment, a log product of the three pwy clusters inside its three PPG arterial pulse sensors and
and the three pulse amplitude metrics are combined insiffe Htilizes: (i) the ratio between red and IR pulse waveform
regression model to determine cuff-less NIBP with clinical- Sgnals to evaluate a ®rst Spalue, (ii) the ratio between

grade accuracy as follows: green and red pulse waveform signals to evaluate a second
SpG, value, and (iii) the ratio between green and IR pulse
NIBP=B,+B,*log waveform signals to evaluate a third Sp®@alue. The

* * * * * g .
(PWye"PWV2y PWVGz61" At Av*Acz) ®) 65 evaluated SpQvalues are then fused utilizing various sta-

NIBP is generally reported as two numbers, namely,tistical techniques to report SpCas a percentage with
systolic pressure (SP) and diastolic pressure (DP), wherebyglinical-grade accuracy. The three Sp@alues obtained
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from the red, IR, and green pulse waveform signals can be FIGS.7A-7B illustrate an example of a fully standalone
represented as$, Scr and $; . In one example, the version of the multiparameter smart wristband with its top
smart wristband102, may use an unweighted geometric face, power button, and backplate that incorporates re ec-
mean to aggregate these three Sp@lues as follows: tive PPG arterial pulse sensors, thermopile sensor, and ECG
5 electrodes. In this example, the device top plaée is
additionally provided with a touchscreen dispB§2and an
iy HIL ECG electrodé04. Moreover, the device backpla®d6 is
' additionally provided with two ECG electrod@92, 704.
FIG. 8illustrates an exploded view of the fully standalone
With reference to FIG1 and FIGS.2A-2B, appropriate10 version of the multiparameter smart wristband showing
placement of the three custom-designed re ective PPGvarious components. In this example of the invention, the
arterial pulse sensors along the backp2®é of the smart tOp plate 202 additionally accommodates the touchscreen
wristband102 facilitates the measurement of arterial pulses display 502 and an ECG electrod&04 Moreover, the
at three distinct locatior208 212, 216along the wrist, thus backplate206 additionally incorporates two ECG electrodes
reducing positional dependency of pulse measurement®r 0% 704 In this example embodiment, due to the addition

the wrist and increasing the probability of collection of good of the_ touchscreen dis_,pla502_on the t_op_face202, the_
quality signals at one or more locations. For example, if thecharglng coil308 associated with the Qi wireless charging

quality of the ®rst arterial pulse waveform sigt@Bin not circuitry is provided just above the backplag®6 The

) . . charging coil 308 can be located anywhere within the
good_, there is a probabll_lty that_the quality of the SecoJE‘)dmuItiparameter smart wristband in which it will provide
arterial pulse waveform signallOis better, and so on. The

- . . . charging power to the rechargeable batt8dp.
fusion of information from all three pulse waveform signals £ 9 jjustrates an operational diagram of the fully

108 110, 112as described above thus results in the estima-giandalone version of the multiparameter smart wristband
tion of parameters such as HR, RR, Sp@nd NIBP with  showing several components and their various connections.
clinical-grade accuracy. 25 Here, the microcontrollet14may be additionally interfaced
FIG.5Iillustrates an example of a fully standalone version with a GPS module02 via a UART bus, a touchscreen
of the multiparameter smart wristband worn by a user on thedisplay 502, and a memory modul®04 The ®rst ECG
left hand for monitoring data along with other external electrode702 provided on the device backpla06 is a
devices to which monitored data is optionally wirelessly left-side electrode that may be connected to the ®rst input of
transferred or streamed. In this example the multiparamadiean analog differential ampli®@06whereas the second ECG
smart wristbandl02 is fully standalone and is worn on the electrode704 provided on the device backpla96 is a
left hand 104 The multiparameter smart wristbarid2 driven electrode that may be connected to a driving ampli®er
comprises a touchscreen dispBg2on its top face202 for 908 The ECG electrodB04provided on the device top face
visualizing signals and results and giving inputs to the 202is a right-side electrode that may be connected to the
device. The devic&02may also be provided with two EC@s second input of an analog differential ampli@296. In
electrodes on its backplate (not shown) and one ECGreference to FIG9, the microcontrolled14 may run dedi-
electrode504 on its top face202 The fully standalone cated embedded software to independently monitor three
version of the multiparameter smart wristbad82 has  arterial pulse waveform signals, one ECG waveform signal,
wireless capabilities like Wi-Fi and Bluetooth so that it can user activity, and user location. Moreover, the microcon-
conveniently (optionally) transmit all monitored data #o troller 414 may also run dedicated embedded software to
other external deviced16. In this embodiment of the independently analyze all data to report parameters like
invention, all data acquisition, analysis, storage, and transNIBP, SpQ,, HR, HRV, RR, temperature, user activity, and
mission tasks may be performed by the microcontroller (notuser location. The microcontrolldil4 may also store infor-
shown) that runs dedicated embedded software. mation inside the memory modu#®4 as required. Finally,
FIG. 6 illustrates an embodiment of a fully standaloag the microcontrolle®14 transmits information wirelessly to
version of the multiparameter smart wristband worn by athe outside world via the radio transceivEr8 and antenna
user on the left hand with the index ®nger of the right hand420.
touching the top face ECG electrode for monitoring data that With reference to FIG1, FIG. 4, FIG. 6, and FIG.9, in
includes ECG data along with other external devices toone embodiment, data from the A@IL6, which is synchro-
which monitored data is optionally wirelessly transferred. nously collected along with the arterial pulse wavefdO8,
The devicel02is worn on the left hand04 such that the 110, 112 and ECG waveforn604 data, may be used to
ECG electrodes on the backplate (not shown) contact theemove noise like motion artifacts from these signals to
skin. Additionally, the ECG electrod®04 provided on the  further enhance the accuracy of HR, HRV, RR, $pénd
front face202is touched by the index ®nger of the right hand NIBP estimation.
602to complete the ECG circuit. With this con®guration, ttee  FIGS. 10A-10B illustrate that when the multiparameter
multiparameter smart wristbardid2 additionally acquires a smart wristband is attached to the wrist in the correct
single channel ECG waveform signal. In FIG.a zoomed  direction, PTT values are positive. With reference to FIGS.
version of the touchscreen displ&p2 is shown whereby 10A-10B, the smart wristband 02 is attached on the left
two arterial pulse waveform signald0, 112and an ECG  hand104in the correct and expected direction. As discussed
waveform signab04 are being monitored. In one embodie earlier, the arterial pulse wave travels unidirectionally from
ment, the device microcontroller (not shown) may detectthe heart towards the ®ngers of the hafd Therefore, the
ECG R-peaks to compute and report HR and HRV metricsacquired GRN1 signdl002leads the acquired GRN2 signal
with clinical-grade accuracy. Again, all monitored informa- 1004since the GRN1 PPG arterial pulse sensor (not shown)
tion may be wirelessly transferred to other external deviceds farther away from the periphery (®ngers) of the left hand
116. Finally, all data acquisition, analysis, storage, as®d104and the GRN2 PPG arterial pulse sensor (not shown) is
transmission tasks may be handled by the microcontrollercloser to the periphery (®ngers) of the left hdfd under-
(not shown) running dedicated embedded software. neath the devic&02 In this scenario, the PTTs computed by



US 12,285,270 B2
15 16

subtracting the temporal locations of the peaks of the GRNInique therefore may provide the acquisition of high-quality
signal1002from the temporal locations of the peaks of the clinical-grade arterial pulse waveform data. Other PWM
GRN2 signall004result in positive value4006 techniques having different data sample rates, on/off periods
FIGS. 11A-11B illustrate that when the multiparameter and phase differences may also be used.
smart wristband is attached to the wrist in the incorréct FIG. 13 illustrates an operational diagram of an exem-
direction, PTT values are negative. In this scenario, the PTT®lary AGC scheme that is utilized inside the multiparameter
computed by subtracting the temporal locations of the peak§Mart wristband to standardize arterial pulse waveform
of the GRN1 signal 002from the temporal locations of the ~Signal quality and ®delity over all users. In this example, the
peaks of the GRN2 signdl004 result in negative values Signal from the GRN1 PR208is ampli®ed by the ampli®er
1102 In one embodiment, this phenomenon is utilized b 408 after which it is fed to the ADC channel ADCO of the
automatically detect whether the user has attached thglcrocontroller41l4 The gain of the differential ampli®er
device 102 on the wrist in the correct direction or not. _08may begontrolltlezdcby an I?Chpote_ntlometegﬁr?fphat
Moreover, when an incorrect attachment is detected and thé® connected to an 12C port of the microcontrokdrd. The
computed PTT values are negative, they may be automatiiOn-Inverting gain of the af_”p"®é"8 may be governed by
cally corrected to positive values. In addition to the foredd- Rs 1304and the 12C potentiometersR.302and represented
ing, or alternatively, if PTT values of less than 0 are as G=(¥R/Rg). In one embodlmer_lt, the microcontroller
detected, it implies that these values are negative and an aleftt4 Computes a peak-to-peak amplitude of the GRN1 arte-
aSmart wristband attached in the correct direction® may bef@! Pulse waveform signal and automatically alters the
generated for the user. Moreover, even if the wristband is ho esstanqe of R1302via the 12C bus to change t_he gain of
adjusted in the proper direction, the negative PTT vald® he ampli®ed08such that the peak-to-peak amplitude of the

may be corrected by multiplying them by negative 1. Then GRN1 signal always stays above 2.0 V. This AGC technique

the corrected PTT values may be used for further compu/May be employed to standardize all three arterial pulse

tations as needed. An example of a simpli®ed i0S SwiftVaveform signals acquired from the three PPBS 212,

code that analyzes negative PTT valud®2to automati- 216, .resultin.g in the acquisition of clinical-grade high-
a_®dellty arterial pulse waveform data from all users.

cally detect and alert for wrong attachment of the multiﬁ - . .
rameter smart wristbanti02 on the wrist and also corrects In another embodiment, three sl_lders may be provided on
these values is presented below: the displayl114 of th_e tethered mobile dewcH)_Gand/or on

the touchscreen displa§02 of the smart wristband.02
These three sliders may be in communication with the three
Smart Wristband Attachment Direction 30 12C potentiometers that control the gains of the three PD

Detection and PTT Correction ampli®ers408 410, 412 In one example, the user eyeballs

the incoming data and then manually adjusts the gain of the
three arterial pulse waveform signals using these three

var PTT= [- 263, - 253, - 254, - 250, - 261]
var negativeCount 0

for i in 0...(PTT.countl) { sliders to obtain clinical-grade high-®delity arterial pulse
if (PTTi] < 0) { 35 waveform data.
negativeCount-= 1 FIG. 14 illustrates an operational diagram of an example
} } AGC scheme that is utilized inside the multiparameter smart
if (negativeCount>0) wristband to standardize ECG signal quality and ®delity
print (3Smart wristband attached in the incorrect direction®) over all users. The gain control ampli®er in this embodiment
foriin 0...(PTT.count1) { 40 is an 12C potentiometer Rid402that controls the gain of
) PTTI] = -PTTH the ECG differential ampli®e906 in conjunction with Ru
} elsef 1404 Again, the gain may be controlled automatically via
print (3Smart wristband attached in the correct direction®) the microcontrolled14and/or manually via a user interface

(UI) slider (as described above for arterial pulse waveform

45 data) to obtain high-®delity ECG signals for all users.
FIG. 15 illustrates an exemplary “owchart depicting the

FIG. 12 illustrates an exemplary PWM technique that method of manual and continuous monitoring accomplished
may be utilized inside the multiparameter smart wristbandby the multiparameter smart wristband. The device is
for switching LEDs associated with the three PD sensors andwitched on at block502 At block 1504 if the monitoring
synchronously reading data from these PD sensors. Inghisnode is not continuous, then the program “ow goes to block
example, the three LED cluste?40 214, 218are switched  1506where temperature data is collected using the thermo-
on and off utilizing three PWM signal$202 1204 1206  pile sensor220 for 10 seconds. Then block508 checks
that are generated by three DIO channels (not shown) of thevhether the temperature data collected is valid or not and
microcontroller 414. The three ADC channels (ADCO, demands recollection of the temperature data via bld&6
ADC1, ADC2) of the microcontrolled14that are interfacedss until valid temperature data is collected. If blodb08
with the three PD08 212 216 may be programmed to determines that the collected temperature data is valid, the
read a data sample only when the corresponding PWMprogram ow proceeds to block510that checks whether
signal is high. In this example, each LED cluster is on for ECG on demand is on or off. The ECG on demand block
1100 ms and off for 8900 ms, and a data read occurs exactl{t510 essentially checks whether the user is touching the
at the middle of the on period. Moreover, there is a phaseECG electrodé&04 on the device top fac202with a ®nger
difference of 1600 ms between the three PWM sighalz2 of the other hand without which ECG data acquisition
1204 1206 This particular PWM scheme therefore results cannot be accomplished. If at bloés1Q ECG on demand
in a data sampling rate of 100 Hz each for the three acquiredt is on, then all data including ECG data is collected for 30
arterial pulse waveform signals. As discussed earlier, theseconds or other time period at blotk2Q Block 1522then
described PWM technique allows that: (i) the LEDs do met checks if collected data is validDif not valid, program “ow
heat up and (ii) the LEDs associated with one PD do notgoes back to the ECG on demand blatkl1Q otherwise
cause interference in other PDs. The described PWM techprogram “ow goes to block524that analyzes data, calcu-

}
print (3Corrected PTTs®, PTT)
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lates and displays parameters, and optionally sends informents of the invention can be varied. For example, any time
mation to other external devicd46 Once a manual moni- periods, frequencies, and sampling rates mentioned here are
toring session is completed, blodb26 switches off the  variable and can be adjusted. As a further variant, the
device. If ECG on demand at blodk10is off, the program  biosensors could be snugly ®tted “ush with the backplate. In
ow proceeds in a similar manner through block§12 5 another variant, a waterproof epoxy could be used to inter-
1514 1516 1518 without ECG data acquisition. At block nally seal the PDs and/or LEDs, which would assist with
1504 if the monitoring mode is continuous, then the pro- \yater resistance.
gram “ow proceeds in a similar manner through blocks |, another variation, the custom PCB may be provided
1528 1530 1532 1534 1536without ECG data acquisition. it an accelerometer chip that communicates with the
mﬁug:c;ftle?gﬁh'iréitrtlﬁgs_gvr\]’eggg;gtrggk tt?) Eﬁ)lﬁsoiolrf L microcontroller via the 12C bus. The microcontroller may
acquire X, Y, Z axes data related to subject motion and

block 1504 maintains the monitoring mode as continuous, . L .

data is automatically collected, analyzed, displayed, an osture using the accelerometer chip via the 12C bus. Since

transmitted every 15 minutes ' ' ' he accelerometer data may be synchronously collected with
FIG. 16 illustrates an example owchart depicting thes PPG waveform data, it may also be used to remove noise

generation of various health alerts by the multiparameteriké motion artifacts from PPG data to increase accuracy of
physiological and ACL data for analysis. Most normal algorithms may be used to track and report motion and its
ranges of physiological parameters are de®ned for the restatensity. Moreover, this information may also be used to
ing state. Therefore, at block604the program utilizes theeo remove biosensor noise that is created by motion artifacts to
ACL information to detect if the subject is at rest or not. If enhance overall measurement accuracy.

block 1604detects that the subject is not at rest, no alerts are In a further variation, a thermistor or other temperature
generated as de®ned by blob&06 If block 1604 deter-  sensor could be used instead of a thermopile sensor. The
mines that the subject is at rest, the program "ow goes tovoltage across the thermistor that characterizes the body
blocks1608 161Q 1612 1614 1616that determine whethees temperature may be acquired by an ADC on the microcon-
various physiological parameters are within their clinically troller. Voltage data collected from the thermistor may be
speci®ed normal ranges or not. If the physiological paramysed to determine the thermistor's resistance. Then, the
eters are within the desired ranges, then no alerts arghermistor's resistance-temperature look-up table may be
generated as desqubed by b!od&?Q 1624 1628 1632 used to report body temperature.

1.636 Convers_ely, if the physiological parameters are cad- In yet a further variation, the microcontroller may time
ngecritgg d %eSIlr)Iec?ckggggS,l 6?; nlBaélgrti%aée 1g§2e'£%tred %?amp acquired data and wirelessly stream this data to a base
example, if t%e resting HR is outside the 60-100 BPM rangestation, such as a tablet or smartphone via a Bluetooth chip

as de®ned by block60§ then a bradycardia or tachycardia which may be cqnnected to a UART pOF‘- The_microcon-
alert is generated as described by bld€d.8 troller on the device may be further provided with a sync-

FIG. 17 illustrates examples of various locations on the @Ple real-time clock (RTC). All date-stamped data can be
human body where wearables employing the underlyingreported and stored in comma-separated yalue (CsvV) format
design and principle of the multiparameter smart wristbandWwhereby the ®rst column exports the time stamps while
can be attached to undertake monitoring. As illustrated insubsequent columns report values of PPG waveform and
1702 the multiparameter smart wristbaf@2 can be wornso Other data. Time stamping could be accomplished using the
around the left wrist for monitoring data. As illustrated in microcontroller RTC in conjunction with the base station
1704 the multiparameter smart wristbad@2 can be worn  clock.
around the right upper arm for monitoring data. Finally, as In yet a further variation, the ECG electrode locations and
illustrated in1706 the multiparameter smart wristbat@2 numbers can vary. For example, the multiparameter smart
can be worn around the left ankle for monitoring data. Thesewristband can have one ECG electrode on the bottom and
examples demonstrate that the disclosed multiparametewo ECG electrodes on the top. In such a con®guration, one
smart wristband.02 and/or similar wearable devices can be ECG electrode on the backplate would contact the skin,
attached at various locations along the 4 limbs to accomplistwhile two ECG electrodes provided on the front face would
manual or continuous multiparameter physiological moni- be touched by the index ®nger to complete the ECG circuit.
toring. 50 Various programming languages such as assembly lan-

FIGS.18A-18B illustrate the multiparameter smart wrist- guage, embedded C, C, Java, Swift, and Python may be used
band and the fully standalone version of the multiparametetto develop software for accomplishing data analysis on the
smart wristband being charged on two different kinds of microcontroller and base station or external devices. The
wireless charging units. In one example, the multiparametesoftware could provide functionality such that data analysis
smart wristband102 that does not have a touchscreesn can be done in real time on live data as well as on a post-hoc
display is charged upside down with its top face touching thebasis on stored data.
top of Qi wirelesses charget802 With this charging Furthermore, a structured software development kit
con®guration, the charging status indicator LEI22 are ~ (SDK) man be architected to enable third parties to develop
conveniently visible to the user. In another example, thesoftware for accessing measurements from the data. The
multiparameter smart wristbanti02 with a touchscreerso SDK documentation could outline the protocol, interface,
display is charged with its backplate touching the top of a Qicommands, and system responses. A dynamically linked
wirelesses charget804 With this charging con®guration, library could also be constructed and included with the SDK.
the charging status indicator LED806 provided on the The components could be selected such that a unit cost of
wireless charget804is conveniently visible to the user.  less than $20 (for on-patient portion excluding GPS and

The speci®c examples provided herein relate to a mattidisplay) for large quantities® (K) is possible. Hence the
parameter smart wristband for physiological monitoring, device can be realized and fabricated as a low-cost yet
however, the materials, methods of application and arrangeeffective multiparameter physiological monitor.
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As a further variant, the smart wristbaa@2 of FIGS. 1 locations along the limb. Therefore, one can measure PTT,
to 4 may incorporate the ECG sensors therein and furthePWYV, and BP on a continuous 24-7 basis (even when user
monitor ECG signals. is sleeping), which would not be possible if an ECG signal

FIG. 19illustrates one embodiment of the multiparameter were also required.
smart wristband for accomplishing PTT and PWV measuse- Finally, since the present approach measures PTT at
ments. In this example, the smart wristbak@®is worn by ~ predetermined distances (as stipulated by the baseplate
the user on the left wristO4 resulting in the contact of the design and the placement of optical sensors therein), the
photosensors P208 P2212 P3216 on the device back- PTT metric automatically characterizes the correct pulse
plate with the skin of the wrist. The LEDs GRN1, YLW, and wave velocity (PWV). This is because PWV=DISTANCE/
GRNZ2 surrounding the photosens@@8 212 216 are not 10 PTT. In the present design, DISTANCE between optical
shown in FIG.19 for brevity. As per human physiology, sensors embedded in the baseplate is constant/predeter-
arterial pulse waves travel from the heart to the periphery ofmined. Therefore, the generated PTT metrics give direct
the body. In this embodiment, a curved line with arrows indication or characterization of PWYV, with PWV being the
shows the travel of the arterial pulse wave from the he@Bt  speed at which blood “ows in the arteries and is proportional
to the wrist104. By virtue of the strategic placement of thes to BP. Therefore, the present method automatically provides
photosensor208 212 216in a straight line and at optimum accurate measurement of BP. Such an approach is distin-
distances R;p,, Dpips, @and Dsopg from each other, the guished from approaches that use an ECG signal and a pulse
multiparameter smart wristband acquires the arterial pulsesignal to measure PTT, where the PTT will not be enough to
wave signal from three distinctly separate locations alongaccurately characterize PWV and/or BP. This is because
the wrist. This design enables the acquisition of three arteaPTT measured for each user will also be affected by user
pulse waves, i.e., GRNI08 YLW 110, and GRN2L12 that  height or length of user limb. In contrast, the present solution
have different pulse arrival timescka, Tviw and Toree- avoids this problem by integrating optical sensors at prede-
In this example, the GRN1 pulse wau®8 acquired by termined and ®xed distances along the limb that naturally
photosensor PR08 has the smallest pulse arrival time normalizes PTT and PWV measurements by taking user
Torns the YLW pulse wavd 10acquired by photosensor P& height (limb length) out of the equation.
212has a pulse arrival time,[,ythat is greater thandgng, The scope of the claims should not be limited by the
and the GRN2 pulse wavEL2 acquired by photosensor P3 preferred embodiments set forth in the examples but should
216 has the largest pulse arrival timegd., (that is, be given the broadest interpretation consistent with the
Tere>Tviw Torn): These different pulse arrival times description as a whole.
result in the acquisition of three arterial pulse wal€8, 30
110, and112that have a phase shift or time delay between What is claimed is:
each other. 1. A smart wristband for multiparameter physiological

In this example of FIG19, the GRN1 pulse wav&08  monitoring con®gured to communicate with an external
acquired by the photosensor R08 leads the YLW pulse device, comprising:
wave 110 and GRN2 pulse wavedl2 acquired by thess a backplate;

photosensor P212 and P3216 respectively. Additionally, multiple biosensors, including at least three photoplethys-
the YLW pulse wavell0O acquired by the photosensor P2 mography (PPG) sensors con®gured to contact skin of
212 leads the GRN2 pulse wavél2 acquired by the the user in at least three separate locations;
photosensor P316. The phase shift or time delay between  a microcontroller in communication with the biosensors
the acquired pulse wave signd88 110, and112 enables4o and con®gured to determine multiple vital signs from
simple, seamless, and unobtrusive measurement of three data from the biosensors; and

pulse transit time (PTT) metrics, namely, RE=(Ty w an accelerometer sensor, wherein the microcontroller and/
Torn): PTTeov=(Tarre Tyiw)s and PT o= (Torre: or the external device acquire user activity data via the

Toraa). Moreover, the predetermined and ®xed distances  accelerometer sensor;
Dp1p2 Dpips, @and Ds,pg between the photosensors 248 45 wherein the at least three PPG sensors are located across

P2 212 P3216 enable the normalized, robust, and conve- a length of the backplate, separated from each other by
nient measurement of three pulse wave velocity (PWV) predetermined distances, and collectively con®gured to
metrics, namely, PWVz=Dp1po/ PT Ty s measure at least three arterial pulse waveform signals
PWVgoy=Dpopa/PTToy: and PW\Ls61=Dpips/PT Toog:- each with different pulse arrival times from the at least

The PTT and PWV metrics have been found to be critisal three separate locations on the skin of the user, enabling

metrics in the cuffless estimation of blood pressure. In this measurement of at least three pulse transit time (PTT)
aspect of the disclosure, three PTT metrics and three PWV  and/or pulse wave velocity (PWV) signals, and wherein

metrics namely, PTJg, PTTgoys PTTooc, PWViar, the microcontroller is con®gured to compute at least
PWVg,y, and PW\4,5, are combined with other arterial three PTT and/or PWV metrics using the different pulse
pulse wave parameters for accurate cuffless estimatiossof  arrival times and the predetermined distances, and to
blood pressure. thereafter use the at least three PTT and/or PWV

As will be appreciated by those of ordinary skill in the art, metrics to calculate at least one parameter of the user;

the solutions set forth above measure PTT and PWV using wherein the microcontroller and/or the external device are
optical sensors that are unobtrusively and conveniently con®gured to:
integrated into a device baseplate. PTT, PWV, and henca®P  receive the at least three arterial pulse waveform sig-

can be measured seamlessly without the aid of an additional nals via the at least three PPG sensors; and

ECG signal and/or auxiliary sensors (electrodes). A useris  analyze the at least three arterial pulse waveform
not required to touch and hold auxiliary electrodes to signals to compute at least three pulse transit times
additionally acquire an ECG signal and then combine this (PTT), at least three pulse wave velocities (PWV),

ECG signal with pulse signal to measure PTT and B#f. and at least three pulse amplitude metrics, and com-
Moreover, PTT and PWV are measured using just the three bines the at least three PTT, the at least three PWYV,

or more pulse signals acquired at three or more distinct and the at least three pulse amplitude metrics to
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evaluate and report at least one non-invasive bloodmore negative pulse transit times by multiplying the one or
pressure (NIBP) parameter of the user; more negative pulse transmit times in the at least three PTT

analyze the at least three arterial pulse waveformsignals by- 1.
signals to compute at least three peak-to-peak inter- 12 The smart wristband of clairh further comprising a
val (PPI) metrics and combines the at least three BPglobal positioning system (GPS) module, a memory module,
metrics to evaluate and report a heart rate (HR)and a touchscreen display, wherein the microcontroller is
parameter of the user; con®gured to acquire GPS data via the GPS module and

analyze respiratory sinus arrhythmia (RSA) induced analyze the GPS data to accurately report a location of t_he
modulations in respective amplitudes of the at leastUser and wherein the microcontroller is con®gured to dis-

three pulse waveform signals, the at least three H{:P'ay data, store data, receive user input via the touchscreen

signals, and the at least three PTT signals to computéj'Splay’ and/or transmit data to one or more other external

at least nine respiration rate (RR) metrics, and Com_devices. ; . : ;
. . / ' 13. The smart wristband of claifB wherein the micro-
bines the at least nine RR metrics to evaluate and

controller and/or the external device are con®gured to
report an RR parameter of the user; 15 receive an ECG waveform signal via the at least three ECG
analyze the at least three arterial pulse waveformglecirodes whenever two of the at least three ECG electrodes
signals to compute at least two blood oxygen satu-contact the skin of the user on one side of a body of the user
ration (SpO2) metrics and combines the at least twoand one of the at least three electrodes also contacts the skin
blood SpO2 metrics to evaluate and report an SpO2of the user on the other side of the body, and wherein the
level of the user; and 20 microcontroller and/or the external device are con®gured to
analyze accelerometer data from the accelerometeanalyze the ECG waveform signal to report the at least one
sensor to accurately report user activity level; and parameter of the user, the at least one parameter including an
wherein the at least one parameter of the user includes thelR parameter and an HR variability (HRV) parameter of the
at least one NIBP parameter, the HR parameter, the RRiser.
parameter, and/or the SpO2 level of the user. 25  14.The smart wristband of claifwherein one of the two

2. The smart wristband of claithwherein each respective ECG electrodes in the backplate is a driven electrode to
one of the at least three PPG sensors includes at least thrémprove an ECG signal quality.

LEDs and at least one photodiode (PD) sensor. 15. The smart wristband of clairh further comprising a

3. The smart wristband of claihwherein the biosensors strap made of elastomeric material and con®gured as a
further comprise a temperature sensor, wherein the migoosingle piece, such that a gasket is integrated with the strap.
controller is con®gured to process and aggregate data from 16. The smart wristband of clairB wherein the micro-
the temperature sensor and to report body temperature. controller and/or the external device are con®gured to per-

4. The smart wristband of clairhwherein the biosensors form manual intermittent or continuous physiological moni-
further comprise at least three electrocardiogram (ECG)oring as per a user speci®ed monitoring frequency.
electrodes. 35 17. The smart wristband of clair wherein the micro-

5. The smart wristband of claighfurther comprisingatop controller and/or the external device are con®gured to gen-
face, wherein two ECG electrodes of the at least three ECGerate health alerts based on the multiple vital signs from the
electrodes are in the backplate, while one ECG electrode oflata from the biosensors.
the at least three ECG electrodes is in the top face. 18. The smart wristband of claidwherein the backplate

6. The smart wristband of clairh wherein the vital signsso comprises light barriers between all of the at least three
determined by the microcontroller include HR, HRV, SpO2, LEDs and all of the at least one PD sensor of the at least
NIBP, RR, body temperature and arterial pulse, along withthree PPG sensors, and further comprises individual trans-
electrocardiogram (ECG) monitoring for additional HR, parent lenses to isolate and encapsulate each of the at least
HRV, and RR assessment. three LEDs and the at least one PD sensor for enhancing

7. The smart wristband of claithfurther comprising a topss arterial pulse waveform data quality, and for protecting the
face and a strap, wherein the strap includes a gasket that &t least three LEDs and the at least one PD sensor from dust,
sealed around the backplate, the top face, the microconmoisture, and mechanical damage.
troller and the biosensors. 19. The smart wristband of clairh8 wherein the back-

8. The smart wristband of clairhh further comprising a  plate is manufactured utilizing an industrial co-moulding
transceiver con®gured for wireless communication, wheseirprocess and formed from acrylonitrile butadiene styrene
the microcontroller is con®gured to utilize the transceiver to(ABS), while each of the individual transparent lenses is
send the vital signs or data in real-time or on a post-hoc basisnoulded using transparent materials.
to an external device; and wherein the external device is 20. The smart wristband of clairB wherein the micro-
con®gured to display data, process data, store data, and/oontroller and/or the external device is con®gured to receive

transmit data to other external devices. 55 the at least three arterial pulse waveform signals via the at
9. The smart wristband of clairhh further comprising a least three PPG sensors and utilize automatic gain control

display for displaying the data and the vital signs. (AGC) circuitry to standardize quality and ®delity of the
10. The smart wristband of clairh further comprising a  three arterial pulse waveform signals over all users, wherein

rechargeable battery. gains of the three arterial pulse waveform signals are con-

11. The smart wristband of claif@ wherein the externako trolled automatically by the microcontroller and/or the exter-
device and/or the microcontroller are con®gured to autonal device.
matically detect and correct for a wrong attachment of the 21 The smart wristband of clairB, further comprising
smart wristband on a limb of the user via identi®cation of electrocardiogram (ECG) electrodes, wherein the microcon-
one or more negative pulse transit times in the at least thre&roller and/or the external device are con®gured to utilize
PTT signals obtained from the at least three PPG senssrgutomatic gain control (AGC) circuitry to standardize qual-
and if the negative pulse transit times are identi®ed, taty and ®delity of an ECG signal from the ECG electrodes
provide a wrong attachment alert and/or correct the one oover all users of the smart wristband, wherein a gain of the
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ECG signal is controlled automatically by the microcon- respiration rate (RR) parameter, a blood oxygen saturation
troller and/or the external device, or the gain is controlled (SpO2) level, and/or at least one non-invasive blood pres-
manually by the user by varying a slider on a user interface sure (NIBP) parameter of the user.

22. The smart wristband of clair@ wherein the micro- 26. The smart wristband of clair8 wherein the micro-
controller is con®gured to utilize pulse width modulatian controller and/or the external device are con®gured to
(PWM) technique to control the at least three LEDs of the receijve the at least three arterial pulse waveform signals via

at least three PPG sensors and synchronously read data frofRe at least three PPG sensors, and wherein respective gains
the at least one PD to minimize interference between unasx

iated LED d PD d he LEDs f of the at least three arterial pulse waveform signals are
f\ggﬁrﬁz up s an s and to prevent the S OMeontrolled manually by the user by varying sliders on a user

0 : .
. . - interface (Ul) on the smart wristband and/or the external
23. The smart wristband of clairt further comprising . ) o . ;
wireless chargng crcuity conboured o be wirelessy 7%, L re I commurieaton wih e oot
charged with a wireless charging unit. 9

24, The smart wristband of claim wherein the smart  CIrcuitry:

wristband is con®gured to be attached at various locatiens 27. The smart wristband of Cl.a'm’ wherein the micro- .
along limbs of the user. controller and/or an external device are con®gured to receive

25 The smart wristband of clairh wherein the micro- @n ECG waveform signal via the at least three ECG elec-

controller and/or the external device are con®gured tc}rodes, and wherein the microcontroller and/or the external

receive the at least three arterial pulse waveform signals vigl€Vice use synchronously collected data from an acceler-

the at least three PPG sensors, and wherein the micro:l’m)r‘?-mEter sensor to remove noise from the ECG waveform

troller and/or the external device use synchronously CO|_signal to further increase accuracy of evaluation of the at

lected data from the accelerometer sensor to remove noish|§aSttC)r‘te paﬂ?{meter, thet at Ieahst ort1e p;aramt_at(ta)_rl_ltncllf_'dérc/g a
from the at least three arterial pulse waveform signals to €/t rate (HR) parameter, a heart rate variability (HRV)

further increase accuracy of evaluation of at least oneParameter, and/or a respiration rate (RR) parameter of the

parameter, the at least one parameter including a hearteaté>®"
(HR) parameter, a heart rate variability (HRV) parameter, a ¥k ok k%





