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METHOD AND APPARATUS FOR
CUFF-LESS BLOOD PRESSURE
MEASUREMENT IN A MOBILE DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a continuation-in-part of
and claims the benefit of priority to International Application
No. PCT/US2017/020739, filed Mar. 3, 2017, which in turn
claims the benefit of U.S. Provisional Application No.
62/303,074, filed Mar. 3, 2016 and U.S. Provisional Appli-
cation No. 62/436,477, filed Dec. 20, 2016. The present
application also claims the benefit of U.S. Provisional Appli-
cation No. 62/555,028, filed Sep. 6, 2017 and U.S. Provi-
sional Application No. 62/554,795 filed Sep. 6, 2017. The
entire disclosures of the applications referenced above are
incorporated by reference.

GOVERNMENT CLAUSE

[0002] This invention was made with government support
under EB018818 awarded by the National Institutes of
Health. The government has certain rights in the invention.

FIELD

[0003] The present disclosure relates to a method of
cuff-less blood pressure measurements in a mobile device.

BACKGROUND

[0004] Hypertension afflicts about one-fourth of the
world’s adult population. It is a major risk factor for stroke
and heart disease and is therefore a “silent killer”. Hyper-
tension can be treated with lifestyle changes and medication.
Medical therapy is associated with a 35-40% reduction in
the risk of stroke and a 15-25% reduction in the risk of heart
disease. Hence, hypertension management is an archetypical
example of preventive, proactive healthcare. However, the
detection of high blood pressure (BP) is often missed. An
estimated 20% of people with hypertension in the US do not
know they have it. Further, BP in known hypertensive
patients is often uncontrolled. An estimated 53% of hyper-
tensive patients in the US do not have their BP under control.
Hypertension detection and control rates are much worse
elsewhere, especially in low resource settings wherein per-
sonnel trained in BP measurement and the means for people
to have their BP measured are lacking. Hypertension man-
agement is complicated by the well-known masked and
white coat effects in the clinic and large BP variability
amongst few measurements. In fact, ambulatory BP moni-
toring is now considered the gold standard for the diagnosis
of high BP. Ubiquitous BP monitoring technology could
improve hypertension detection by providing serial, out-of-
clinic measurements in the mass population and could
enhance hypertension control by providing continual feed-
back to the individual patient.

[0005] Several methods are available for measuring BP.
However, none of these methods offers ubiquitous BP moni-
toring capabilities.

[0006] Catheterization is the gold standard method. This
method measures a BP waveform by placing a strain gauge
in fluid contact with blood. However, this method is inva-
sive.

[0007] Auscultation is the standard clinical method. This
method measures systolic BP (SP) and diastolic BP (DP) by
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occluding an artery with a cuff and detecting the Korotkoff
sounds using a stethoscope and manometer during cuff
deflation. The first sound indicates the initiation of turbulent
flow and SP, while the fifth sound is silent and indicates the
renewal of laminar flow and DP. The method is non-invasive
but requires a skilled operator. Further, due to safety and
ecological concerns, mercury manometers are being
replaced with high maintenance aneroid manometers.
[0008] Oscillometry is the most popular non-invasive and
automatic method. This method measures mean BP (MP),
SP, and DP using an inflatable cuff with a sensor to record
the pressure inside it. The recorded cuff pressure not only
rises and falls with cuff inflation and deflation but also shows
tiny oscillations indicating the pulsatile blood volume in the
artery. The amplitude of these oscillations varies with the
cuff pressure, as the arterial blood volume-transmural pres-
sure relationship is nonlinear. Transmural pressure of an
artery is defined as the internal pressure (i.e., BP) minus the
external pressure (cuff pressure in this case). The BP values
are estimated from the oscillogram (i.e., the oscillation
amplitudes versus the cuff pressure) using an algorithm (e.g.,
fixed-ratios). However, automatic cuffs do not afford ubig-
vitous BP monitoring capabilities. That is, people in low
resource settings may not have any access to such devices;
others must go out of their way (e.g., to a pharmacy) to use
these devices; and even people who own a device cannot
carry and use them outside their homes.

[0009] Volume clamping is a non-invasive and automatic
method used in research. This method measures a finger BP
waveform by using a cuff with a photoplethysmography
(PPG) sensor built-in to measure the blood volume. The
blood volume at zero transmural pressure is estimated by
slowly varying the cuff pressure. The cufl pressure is then
continually varied to maintain this blood volume throughout
the cardiac cycle via a fast servo-control system. The applied
cuff pressure may thus equal BP. However, in addition to
requiring a cufl, the method is prohibitively expensive.
[0010] Tonometry is another research method. This
method measures a BP waveform by pressing a manometer-
tipped probe on an artery. The probe must flatten or applan-
ate the artery so that its wall tension is perpendicular to the
probe. However, manual and automatic applanation have
proven difficult. As a result, while the method should not
require any calibration, the measured waveform has been
routinely calibrated with a cuff in practice. Furthermore, the
method is likewise costly.

[0011] As a result, cuff-less BP monitoring technology is
being widely pursued. Much of these efforts are based on the
principle of pulse transit time (PTT). PTT is the time delay
for the pressure wave to travel between two arterial sites. An
increase in BP causes the arteries to stiffen which, in turn,
causes PTT to decline. So, PTT is often inversely correlated
with BP in individual subjects. Further, PTT may be simply
determined from the relative timing between proximal and
distal arterial waveforms. Hence, PTT carries the advantage
of possibly offering passive BP monitoring without using a
cuff. However, this approach also has major disadvantages.
Firstly, PTT not only changes with BP but also smooth
muscle contraction (especially when measured in small
arteries) and aging and disease (especially when measured in
large arteries). Smooth muscle contraction occurs acutely
and thus severely limits the accuracy of the approach,
whereas aging and disease are longer processes that prevent
PTT from being able to track chronic changes in BP such as
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the common development of isolated systolic hypertension
due to large artery stiffening with aging. Secondly, the
required calibration of PTT in units of msec to BP in units
of mmHg must either be population-based and thus error-
prone or involve periodic use of a BP cuff and thus not truly
cuff-less.

[0012] Insum, hypertension is a major cardiovascular risk
factor that is treatable, yet high BP detection and control
rates are unacceptably low. Ubiquitous BP monitoring tech-
nology could improve hypertension management, but osc-
illometric and other available non-invasive BP measurement
devices employ an inflatable cuff and therefore do not afford
such monitoring capabilities. While the PTT approach could
potentially permit cuff-less and passive BP monitoring, its
accuracy will be limited due to confounding physiology and
the need for calibration. Hence, there is a need in the art for
a ubiquitous method for reliable, cuff-less measurement of
BP.

[0013] This section provides background information
related to the present disclosure, which is not necessarily
prior art.

SUMMARY

[0014] A handheld mobile device that measures blood
pressure is presented. The mobile device includes: a pro-
cessor enclosed within a housing; a display unit integrated
into an exterior surface of the housing; and a sensing unit
integrated into an exterior surface of the housing. The
sensing unit is configured to measure blood pressure at a
fingertip of a user. The sensing unit includes a reflectance-
mode photo-plethysmography (PPG) sensor configured to
measure blood volume oscillations and a pressure sensor
configured to measure pressure applied by the fingertip. A
non-transitory computer-readable medium enclosed in the
housing stores instructions that, when executed by the
processor, cause the processor to: measure pressure applied
to the sensing unit by a fingertip of a user, measure blood
volume oscillations in the fingertip while varying pressure is
being applied to the sensing unit by the fingertip, generate an
oscillogram from the measured pressure and the measured
blood volume oscillations, where the oscillogram plots
amplitude of blood volume oscillations as a function of the
measured pressure; calculate a blood pressure value from the
oscillogram, and present the blood pressure value on the
display unit.

[0015] The mobile device may include a visual guide
disposed on the exterior surface and arrange in relation to the
sensing unit. In one embodiment, the visual guide is further
defined as indicia for placement of the fingertip in relation
to the sensing unit.

[0016] The sensing unit may take on different forms. For
example, the PPG sensor may be implemented by a light
emitting diode cooperatively operating with a photodetector.
Alternatively, the PPG sensor may be implemented as a
camera. In some examples, the pressure sensor is placed on
top of the PPG sensor as it relates the exterior surface of the
housing. In other examples, the sensing unit is disposed
underneath the display unit.

[0017] In one embodiment, blood pressure is determined
by an application residing on the mobile device. Instructions
comprising the application may further cause the processor
to guide the user via the display unit to vary pressure being
applied to the sensing unit while blood volume oscillations
are measured. Instructions comprising the application may
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also cause the processor to guide the user to hold the mobile
device at a height aligned with heart of the user.

DRAWINGS

[0018] The drawings described herein are for illustrative
purposes only of selected embodiments and not all possible
implementations, and are not intended to limit the scope of
the present disclosure.

[0019] FIG. 1is a diagram depicting an example embodi-
ment of a mobile device that embodies cuff-less BP mea-
surements;

[0020] FIGS. 2A-2C are diagrams depicting an embodi-
ment of the cuff-less blood measurement system on the
mobile device;

[0021] FIG. 3 is a diagram depicting an example embodi-
ment of a cuff-less system in a mobile device that obtains BP
measurements;

[0022] FIG. 4isa flowchart depicting an example embodi-
ment of a cuff-less system in a mobile device that obtains BP
measurements;

[0023] FIG. 5 is a diagram depicting an example embodi-
ment of the sensing unit;

[0024] FIGS. 6A and 6B are an example embodiment of
how BP is estimated using a Standard Fixed-Ratio Algo-
rithm;

[0025] FIGS. 7A and 7B are diagrams depicting an
example embodiment of how BP is estimated using a
Patient-Specific Algorithm;

[0026] FIG. 8 is a diagram depicting a prototype system
that was created to test the feasibility of the oscillometric
finger pressing paradigm;

[0027] FIGS. 9A and 9B are graphs depicting the pressure
applied to the sensing unit and the target pressure displayed
when pressure is applied to the sensing unit as well as the
oscillogram that is generated to determine BP;

[0028] FIG. 10 is a diagram depicting an index finger that
exerts the pressure applied to the sensing unit of the proto-
type system,;

[0029] FIGS. 11A-11C are diagrams depicting results of
testing a prototype system;

[0030] FIG. 12 is a diagram depicting an example embodi-
ment of cuff-less BP measurement devices;

[0031] FIG. 13 is a diagram depicting an example PPG
sensor on the sensing unit;

[0032] FIGS. 14A and 14B are diagrams depicting
example embodiments of sensing units coupled to an encas-
ing of mobile devices;

[0033] FIG. 15 is a diagram depicting another embodi-
ment of the cuff-less BP measurement system on the mobile
device;

[0034] FIG. 16 is a diagram depicting another embodi-
ment of the cuff-less BP measurement system;

[0035] FIGS. 17A-17C are diagrams depicting an embodi-
ment of the cuff-less BP measurement system with finger
placement indicators;

[0036] FIGS.18A-18D are diagrams depicting an example
position detection system included in the cuff-less BP mea-
surement system; and

[0037] FIG. 19 is a flowchart depicting the example posi-
tion detection system included in the cuff-less BP measure-
ment system.

[0038] Corresponding reference numerals indicate corre-
sponding parts throughout the several views of the drawings.
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DETAILED DESCRIPTION

[0039] Example embodiments will now be described more
fully with reference to the accompanying drawings.

[0040] The present invention relates to a reliable method
for cuff-less BP monitoring via the oscillometric principle.
In conventional oscillometry, an inflatable cuff serves as
both an actuator to vary the external pressure of an artery
and a sensor to measure this pressure and the resulting
variable-amplitude blood volume oscillations in the artery.
BP is then estimated from the oscillation amplitudes as a
function of the applied pressure (again, the “oscillogram”).
The idea of this disclosure is to extend the oscillometric
principle for cuff-less monitoring of BP using a smartphone,
another mobile device (e.g., PDAs, laptops, tablets, and
wearables), and/or possibly an encasing of a mobile device.
Note that smartphones, in particular, are readily available
even to those in low resource settings.

[0041] The user serves as the actuator by pressing her
finger against the mobile device held at heart level to
steadily increase the external pressure of the underlying
artery. Such finger actuation may afford external pressure
application similar to a cuff in that the artery will be pressed
against supporting bone. The mobile device provides visual
guidance for proper finger actuation, measures the applied
pressure and blood volume oscillations, and estimates BP
from the oscillogram. This invention could be implemented
with a photoplethysmography (PPG) sensor, which mea-
sures pulsatile blood volume and a pressure sensor embed-
ded in a smartphone encasing or within the phone itself. By
having the user serve as the actuator, the requisite hardware
is automatically miniaturized and greatly simplified. Note
that the mobile device may also warn users of high BP,
securely transmit the measured BP to caregivers, and send
text reminders to patients with uncontrolled BP to take their
medications. In this way, a complete hypertension manage-
ment system would be available to many

[0042] FIG. 1 is a diagram depicting an example embodi-
ment of a cuff-less BP measurement system. The mobile
device 100 includes a display 104 and a sensing unit 108.
The display 104 may present graphics that depict, in a single
graph 112, a pressure applied 116 by a finger to the sensing
unit 108 over a target pressure 118 for the finger to exert,
finger blood volume oscillations 120 from the sensing unit
108, as well as the SP, DP and MP of the user as indicated
at 124 of the display. In an example embodiment, the user
presses her fingertip against the sensing unit 108 to steadily
increase the external pressure of the underlying artery, while
the sensing unit 108, which includes a photoplethysmogra-
phy (PPG) sensor and a pressure sensor, detects and mea-
sures the blood volume oscillations and the pressure applied
116 to the sensing unit 108. Using the measured blood
volume oscillations 120 and the pressure applied 116 to the
sensing unit 108, the oscillogram (i.e., amplitude of blood
volume oscillations as a function of applied pressure) is
generated. From the oscillogram, the SP, DP, and MP of the
user are determined and presented, for example using a
display of the device. In addition, the pressure applied 116
to the sensing unit 108 is displayed in the graph 112, and the
blood volume oscillations 120 are displayed. The mobile
device 100 includes but is not limited to mobile phones,
PDAs, laptops, tablets, and wearable devices (e.g., watches).
[0043] FIGS. 2A-2C are diagrams further depicting the
embodiment of the cuff-less BP measurement system on the
mobile device 100. The user serves as the actuator by
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pressing her finger against the mobile device 100, on the
sensing unit 108, held at heart level to steadily increase the
external pressure of the underlying artery. Finger actuation
can afford external pressure application similar to a cuff in
that the artery will be pressed against supporting bone.

[0044] The mobile device 100 provides visual guidance on
the display 104 for proper finger actuation. That is, having
the graph 112 of the pressure applied 116 to the sensing unit
108 on the same graph 112 as the target pressure 118
provides the user with visual feedback as to how much
pressure to exert. The sensing unit 108 also measures blood
volume oscillations 120 to generate an oscillogram 128, and
BP is estimated from the oscillogram 128. The pressure
applied 116 to the sensing unit 108 is graphed in relation to
target pressure 118 to guide the user on the need to apply
increased pressure and when to apply increased pressure.
Graphing the pressure applied 116 to the sensing unit 108 in
real time over the target pressure 118 allows the user to
attempt to trace the target pressure 118. By having the user
serve as the actuator, the requisite hardware is automatically
miniaturized and greatly simplified. The SP, the DP, and the
MP can be calculated from the oscillogram 128.

[0045] FIG. 3 is a diagram depicting an example embodi-
ment of a cuff-less system that obtains BP measurements
that may be implemented in the mobile device 100. The
system includes a display 104, a sensing unit 108, a com-
puter processor 300 and a data store 304 (e.g., a non-
transitory storage medium). The system further includes an
oscillogram generator 308, a BP estimator 312, and a
pressure guide 316, which are implemented, for example, as
computer-executable instructions residing in the data store
304 and executed by the computer processor 300.

[0046] The sensing unit 108 is operably coupled to the
computer processor 300 of the mobile device 100. The
sensing unit 108 includes a PPG sensor 320, a pressure
sensor 324, and possibly a temperature sensor 326. The
temperature sensor 326 is optional, and the BP measure-
ments may be obtained without it. The PPG sensor 320 of
the sensing unit 108 is operably coupled to the oscillogram
generator 308, and the pressure sensor 324 is operably
coupled to the oscillogram generator 308 and the pressure
guide 30. The sensing unit 108 is configured to communicate
the measured values of the PPG sensor 320 and the pressure
sensor 324 to the computer processor 300 of the mobile
device 100. An example embodiment of the sensing unit 108
is further described below in FIG. 5.

[0047] The oscillogram generator 308 is configured to
generate an oscillogram based on input from the PPG sensor
320 and input from the pressure sensor 324. In an example
embodiment, an oscillogram is constructed by first taking a
maximum value and a minimum value of each beat of the
blood volume waveform that is detected and measured by
the PPG sensor 320. The maximum value and minimum
value of each beat, as a function of the pressure applied 116
to the sensing unit 108 (obtained by the pressure sensor
324), are then median filtered to attenuate respiratory and
heart rate variability. Finally, the maximum value and mini-
mum value of each beat are linearly interpolated, and the
difference between the two envelopes is taken as the oscil-
logram 128. Although not limited thereto, the oscillogram
generator 308 may generate an oscillogram 128 using other
known algorithms as would be understood by one having
skill in the art.
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[0048] In extending this algorithm of generating the oscil-
logram 128 using finger pressing instead of a cuff, issues of
detecting beats in the presence of artifact and connecting the
extrema of valid beats, which can be separated by a wide
range of the pressure applied 116 to the sensing unit 108,
may be present. To overcome these issues, algorithms that
first identify artifact in the blood volume waveform that
exploit the anticipated blood volume shape and then detect
the maxima and minima of the artifact-free beats can be
implemented into the system. Advanced filtering and splin-
ing algorithms, as well as parametric model (Gaussian
functions) fitting, which may be more robust, can be used to
connect the extrema of the clean beats.

[0049] To assess the validity of the oscillogram 128,
various features such as the number of artifact-free beats, the
applied pressure range over which these beats extend, and
the shape, width, and degree of symmetry of the oscillogram
128 may be analyzed to determine the validity of the
oscillogram 128. An algorithm such as linear discriminant
analysis may be implemented to distinguish between valid
and invalid oscillograms based on these features.

[0050] The BP estimator 312 is configured to determine
the BP based on the oscillogram 128 generated by the
oscillogram generator 308. Subsequently, the BP estimator
312 presents the BP value on the display 104. Example
algorithms that may be used in estimating BP are the
Standard Fixed-Ratio Algorithm, the Fixed-Slope Algo-
rithm, a Patient-Specific Algorithm, and other variations of
these algorithms. These algorithms may also be combined in
various manners to estimate BP.

[0051] In addition, an age-dependent scaling algorithm of
finger SP may be used to estimate brachial SP, since the ratio
of finger SP to brachial SP may decrease with age. Brachial
BP may also be determined from model-based transfer
functions. While using the model-based transfer functions
would require an input of the finger BP waveform, the finger
BP waveform may be obtained using a Patient-Specific
Algorithm. Some example embodiments of algorithms that
may be used in estimating the BP are further described
below in relation to FIGS. 6A-7B.

[0052] The pressure guide 316 may optionally be inter-
faced with the pressure sensor 324. In some embodiments,
the pressure guide 316 scales the pressure applied to the
pressure sensor 324 to a measure of pressure applied 116 to
the sensing unit 108 exerted on the PPG sensor 320. The
pressure guide 316 is also configured to present the esti-
mated magnitude of the pressure applied to the sensing unit
108 on the display 104. By displaying the amount of
pressure applied to the sensing unit 108 on the display 104,
the pressure guide 316 also provides the user with real time
feedback regarding the amount of pressure applied to the
sensing unit 108 and the location of the finger relative to the
sensing unit 108, as described further below. Thus, the user
can take corrective action based on the real-time feedback so
that the target pressure 118 can be applied to the sensing unit
108 for a predetermined period of time. The pressure guide
316 also receives feedback from the temperature sensor 326.
The temperature sensor 326 measures a temperature of the
finger applying pressure 116 to the sensor unit 108. Under
the circumstance that the temperature of the finger is too low
or possibly too high, the display provides feedback inform-
ing the user that the finger temperature is outside of an
acceptable range, which can affect the results of the BP
measurement system.
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[0053] 1In an example embodiment, the oscillogram gen-
erator 308, BP estimator 312, and the pressure guide 316
may be implemented on the mobile device 100 as an
application. The application can be used to guide the finger
actuation, inform the user of any adjustments required in the
pressure applied 116 to the sensing unit 108 or finger
placement, graph finger pressure and possibly the blood
volume oscillations 120, and display the graphs along with
the SP, DP, and MP/BP. The application uses the display 104
and processor of the mobile device. For example, the
application provides visual feedback to guide the finger
actuation by graphing the pressure applied 116 to the sensing
unit 108 over the target pressure 118. That is, the target
pressure 118 may be a linear target rise or a pressure in step
increments, which may yield more artifact-robust oscillo-
grams over certain time interval (e.g., at least 15 sec). The
pressure applied 116 to the sensing unit 108 is superimposed
as it is being recorded in real-time. Alternatively, a display
of the pressure applied 116 to the sensing unit 108 as it
evolves in real-time within a plotting window that tells the
user to raise the pressure steadily to a high level (e.g., 150
mmHg) over fixed time interval, but not in any preset way,
may be used. A third option is to guide the finger actuation
through a video game that requires the user press at various
pressures to accomplish the goals of the game. In addition or
in another embodiment, audio feedback could be used to
guide the finger actuation.

[0054] Additionally, after the BP has been computed, the
application may determine whether the BP is within an
acceptable range. If the BP falls outside of the acceptable
range, the application may instruct the user to repeat the BP
measurement in order to ensure accuracy.

[0055] The application then displays the computed BP and
other physiologic variables, if available, or asks the user to
repeat the procedure in the event of an unsuccessful finger
actuation. The application could also ask the user to repeat
the procedure even when the actuation is deemed successful.
For example, the application could average two similar BP
measurements or the two closest BP measurements out of
three total measurements to reduce variability. The applica-
tion may also alert the user if the BP is too high or too low,
securely transmit the measurements to the cloud as well as
the physician, and send text reminders to users with repeat-
edly high BP measurements to take their medications. The
application may further allow the user to view their history
of BP measurements over time and integrate with other
health and lifestyle applications on the mobile device 100
such as those that track eating habits.

[0056] The data store 304 is interfaced with the BP
estimator 312 and the pressure guide 316. The data store 304
is configured to store BP values (MP, DP, and SP) that have
been determined by the BP estimator 312. Pressure values
from the pressure sensor 324 and PPG values from the PPG
sensor 320 may also be stored in the data store 304. This
may be useful for a user who is interested in tracking and
analyzing BP values over a period of time to determine
whether lifestyle changes, dietary changes, and/or exercise
routines are improving her BP and overall cardiovascular
health. The data store 304 may also be configured to provide
the computer processor 300 of the mobile device 100 with
processor readable instructions for the oscillogram generator
308, the pressure guide 316, and the BP estimator 312. As an
example, the data store 304 may provide the computer
processor 300 of the mobile device 100 with executable
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instructions that allow it to generate an oscillogram 128
from the blood volume oscillations detected and measured
by the PPG sensor 320 and the pressure applied 116 to the
sensing unit 108 detected and measured in the pressure
sensor 324. The data store 304 may also provide the com-
puter processor 300 of the mobile device 100 with execut-
able instructions to estimate BP based on the oscillogram
128 generated by the oscillogram generator 308 and an
algorithm that estimates BP based on certain parameters of
the oscillogram 128.

[0057] The display 104 may provide the user with real-
time feedback regarding the pressure applied 116 to the
sensing unit 108 and the location of the finger relative to the
sensing unit 108. As an example, the system may provide the
user visual feedback when the pressure applied 116 to the
sensing unit 108 is below a target pressure 118. As another
example, the system may provide the user visual feedback
when the location of the finger is not at a predefined optimal
finger location that allows for optimal oscillogram measure-
ments. The predefined finger location may be determined by
an initialization protocol, which occurs when the finger
actuation is attempted over a range of locations on the
sensor, and the location that yields the largest oscillogram
amplitude is selected as the predefined optimal finger loca-
tion. The predefined optimal finger location may be located
on the upper index finger above a transverse palmer arch
artery of the subject.

[0058] To guide the user in increasing the pressure applied
116 to the sensing unit 108, the target pressure 118 may have
a trajectory of a linear rise, a step increment, or a combi-
nation of a step increment and a linear rise shown on the
display 104. In other embodiments, the target pressure 118
may not be displayed. For example, the display 104 could
include the desired start and end pressures with the time
interval to reach the end pressure.

[0059] FIG. 4 is a flowchart depicting an example embodi-
ment of a cuff-less system that obtains BP measurements.
The flowchart depicts an example of a determination of
proper finger positioning and proper pressure applied 116 as
may be implemented by the pressure guide 316 of FIG. 3.
First, the system is initialized at 204. During this stage, the
mobile device may initialize the display and the sensing unit
(i.e., opening an application on the mobile device 100 and/or
turning on the sensing unit 108) to measure the pressure
applied 116 to the sensing unit 108, the blood volume
oscillations 120 with the sensing unit 108, the oscillogram
128, and the SP, DP, and MP/BP and display the measure-
ments once the user begins to apply pressure to the sensing
unit 108. The mobile device 100 may also, using information
loaded in a data storage unit, load the user’s predefined
optimal finger location data. The user data may be accessed
by the initialization protocol by inserting a username or 1D
and a password to load the user’s predefined optimal finger
location data.

[0060] Second, the system begins to detect the pressure
applied 116 to the sensing unit 108 at 208. Next, the system
provides the user with real-time feedback. At 212 the system
then determines whether the location of the finger relative to
the sensor is proper, wherein the proper location is the
predefined optimal finger location. If so, then at 216 the
system determines whether the user is applying the proper
amount of pressure, wherein the proper amount of pressure
is the target pressure 118. If so, the system proceeds to the
next step.
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[0061] If the location of the finger relative to the sensing
unit 108 is not proper at 212, or if the amount of pressure is
not proper at 216, the system, at 220, provides corrective
feedback so that the user can either correct the amount of
pressure applied to the sensing unit 108 or adjust her finger
positioning relative to the sensing unit 108. As an example,
the feedback may instruct the user to either increase or
decrease the amount of pressure applied so that the user can
apply the target pressure 118. As another example, the
feedback may instruct the user to adjust the positioning of
her finger so that the positioning of the finger is at the
predefined optimal finger location. Control then proceeds to
208. The feedback may be visual, audio-based, or a com-
bination of visual and audio-based feedback.

[0062] Once the target pressure 118 is met and proper
finger positioning is achieved, the sensing unit 108 measures
and graphs the blood volume oscillations and the pressure
applied 116 to the sensing unit 108 at 224. The system then
displays the BP to the user. The system determines the SP
and DP based on the blood volume oscillations and the
pressure applied 116 to the sensing unit 108. Using the SP
and DP, the system estimates the MP/BP from the blood
volume oscillations and the pressure applied 116 to the
sensing unit 108 using various BP estimation algorithms.
Depending on the determination method, the MP/BP may be
determined first followed by the SP and DP. In any case, the
mobile device 100 subsequently displays the MP/BP.

[0063] FIG. 5is a diagram depicting an example embodi-
ment of the sensing unit 108. The sensing unit 108 includes
a PPG sensor 320 and a pressure sensor 324, wherein the
PPG sensor 320 and the pressure sensor 324 are coupled to
each other by an interface unit 328. The PPG sensor 320 and
the pressure sensor 324 may be coupled to the computer
processor 300 of the mobile device 100, wherein the com-
puter processor 300 of the mobile device 100 may subse-
quently determine the BP from the detected values of the
PPG sensor 320 and the pressure sensor 324. The sensing
unit 320 surface may be flat or concave to facilitate finger
positioning on the sensing unit 108.

[0064] In an example embodiment, the PPG sensor 320 is
an infrared, reflectance-mode PPG sensor that measures
blood volume oscillations from the arteries beneath the skin.
The PPG sensor 320 may be configured in a way such that
the blood volume oscillations of a transverse palmer arch
artery, above the top knuckle of the index finger, can be
accurately and efficiently recorded. An LED and a photo-
detector (referenced and discussed in FIG. 13) of the PPG
sensor 320 may be positioned perpendicular to the trans-
verse palmer arch artery, wherein the LED and the photo-
detector are separated by a fixed distance. The fixed distance
may be chosen such that the blood volume oscillation
amplitudes detected and measured by the PPG sensor 320
are maximized.

[0065] In an example embodiment, the pressure sensor
324 is a thin-filmed capacitive transducer. The transducer
outputs the pressure applied 116 to the sensing unit 108 in
the normal direction. The pressure sensor 324 may be
configured to output a pressure between the range of 0 to 250
mmHg at an output resolution of less than 0.1 mmHg. Other
pressure sensors that are configured to output a force when
the pressure applied 116 to the sensing unit 108 may also be
used instead of the thin-filmed capacitive pressure sensor
324 described in this embodiment.
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[0066] In an example embodiment, the interface unit 328
is a thin, rigid structure 328 A adhesively coupled to a foam
material 328B. The rigid structure of the interface unit 328A
is coupled to the PPG sensor 320, while the foam material
of the interface unit 328B is coupled to the pressure sensor
324. This interface unit 328 allows for the force applied to
the PPG sensor 320 to be distributed uniformly to the
pressure sensor 324.

[0067] Alternatively, a silicone layer or similar material
may be used in place of the foam material 328B. Other
materials that may be used in place of the foam material
328B are materials that are configured to distribute an
applied force evenly over its respective area and acts as a
mechanical low-pass filter to mitigate the impact of any
spurious finger pressing.

[0068] A surface of the sensing unit 108 that receives the
pressure applied 116 to the sensing unit 108 from the user
should have an area that is optimized in order to allow for
reliable BP estimation. For example, in certain embodi-
ments, if the area of the surface is too large, then substantial
force will be needed to achieve the target pressure 118. If the
area of the surface is too small, then modest variations in
pressure applied 116 to the sensing unit 108 will induce
substantial pressure changes. The area of the surface of the
sensing unit 108 that receives the applied force from the
subject should therefore be optimized to allow for the
sensing unit 108 to measure and detect the pressure applied
116 to the sensing unit 108 that achieves an optimal balance
between these two considerations.

[0069] FIGS. 6A and 6B are an example embodiment of
how BP is estimated using a Standard Fixed-Ratio Algo-
rithm. As described above, the oscillogram generator 308
receives data from the PPG sensor 320 and the pressure
sensor 324 (e.g., the pressure applied 116 as depicted in FIG.
6A at 332 and 336) to generate an oscillogram.

[0070] FIG. 6Ais a diagram depicting the pressure applied
116 to an artery. A cuff is placed around a patient’s arm and
inflated. The cuff is inflated while secured around the
patient’s arm, shown in FIG. 6 A where the cuff pressure is
increasing rapidly 332. Once the cuff reaches a target
external pressure to the artery, the cuff slowly deflates 336.
While deflating 336, the cuff measures a blood volume value
and external pressure and constructs an oscillogram from the
resulting variable amplitude blood volume oscillations
shown in FIG. 6B. The mean BP (MP) 340 is estimated as
the pressure at which the oscillogram is at a maximum
amplitude 340 (A, ). Then, an amplitude of the SP (A;) 344
and an amplitude of the (A,) DP 348 are estimated as the
pressure at which the oscillogram is a fixed, population
based average ratio of its maximal value (AJA,, and
A, /A, ). The ratios in this embodiment are fixed such that
AJ/A,,and A /A, are equal to 0.55 and 0.85, respectively.
While this method depicts measuring BP using the cuff, this
algorithm can be applied in a cuff-less system as well,
wherein finger pressure is used instead of cuff’ pressure.
[0071] However, since the Standard Fixed-Ratio Algo-
rithm is population based, the algorithm may be less effec-
tive in accurately determining BP levels for those individu-
als who have BP not within a normal BP range. The BP
estimation errors of the Standard Fixed-Ratio Algorithm
may be significant and may be impacted by the width of the
arterial compliance curve, which is the derivative of the
blood volume transmural pressure relationship with respect
to transmural pressure. The accuracy of the Standard Fixed-
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Ratio Algorithm may also be affected by those who have a
high pulse pressure (i.e., the difference between the SP and
DP) due to artery stiffening, a common condition that occurs
with aging and disease.

[0072] FIGS. 7A-7B are diagrams depicting an example
embodiment of how BP is estimated using a Patient-Specific
Algorithm. The oscillograms depicted at 368, and 384 are
produced by the oscillogram generator 308 described in
FIGS. 3. The Patient-Specific Algorithm represents the
oscillogram 128 with a physiologic model and then esti-
mates the patient-specific model parameters, which include
BP levels and reflect the width and other features of the
arterial compliance curve by optimally fitting the model to
the oscillogram 128. Thus, accuracy can be maintained over
a wide BP range. Furthermore, by employing a physiologic
model, the method can be more robust to deviations in the
oscillogram 128 caused by respiration and heart rate vari-
ability and thus be more repeatable and reliable. While this
method depicts measuring BP using a cuff, this algorithm
can be applied in a cuff-less system as well, wherein finger
pressure is used instead of cuff pressure.

[0073] In FIG. 7A, air volume versus cuff pressure is
shown for two different types of cuffs: a dura cuff 352 and
a bladder cuff 356. From the nearly linear relationship
displayed in FIG. 7A, a cuff compliance or scale factor k 360
is determined.

[0074] The first step of estimating BP using the Patient-
Specific Algorithm is to represent the cuff pressure oscilla-
tion amplitude versus the cuff pressure function (i.e., the
oscillogram) with a parametric model of the nonlinear
brachial artery blood volume-transmural pressure relation-
ship. This representation is demonstrated in the following
equation 1:

c+l

Nonlinear relationship at systole
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Nonlinear retationship at diastole

[0075] The unknown parameters (a, b, ¢, and e) represent
the SP, DP, and brachial artery mechanics. In terms of the
brachial artery compliance curve (i.e., the derivative of the
nonlinear relationship with respect to transmural pressure),
parameter a represents the transmural pressure at which the
curve is a maximum; parameters b and ¢ denote the width of
the curve and the extent of the asymmetry about its maxi-
mum; and parameter ¢ indicates the amplitude of the curve.
The parameter e is determined by the reciprocal of the cuff
compliance, which is represented by scale factor k 360. The
scale factor k 360 is assumed to be constant as justified by
experimental data. A blood volume 372 is determined based
on (i) the nearly linear relationship of the cuff pressure and
air volume 356, (ii) blood volume oscillations 364, and (ii)
cuff pressure oscillations 368. The envelope differences of
the blood volume 372 are equal to within scale factor k 360.
[0076] The second step of estimating BP using the Patient-
Specific Algorithm is to estimate the model parameters
including the SP and DP by fitting the model to the oscil-
logram. The model parameters are estimated using the
following equation 2:
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[0077] The first step and the second step yield estimates
for SP and DP as well as parameters a, b, ¢, and e, which
characterize the underlying model of the nonlinear brachial
artery blood-volume transmural pressure relationship. The
third and fourth step use the parameter estimates to ulti-
mately yield an estimate for the entire brachial BP waveform
(P,(1)) and MP, as described next.

2
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[0078] The third step of estimating BP using the Patient-
Specific Algorithm, which is shown in FIG. 7B, is to
construct the blood volume waveform to within the scale
factor k 360 using the parameter estimates (i.e., a, b, ¢, and
e) and cuff pressure oscillations. Positive cuff pressure
oscillations 376 are calculated by subtracting a lower cuff
pressure oscillation envelope 380 from cuff pressure oscil-
lations 384. Then, the blood volume waveform to within
scale factor k 388 is calculated by adding a modeled arterial
blood volume-transmural pressure relationship at diastole to
within scale factor k 392.

[0079] The fourth step of estimating BP using the Patient-
Specific Algorithm is to construct the BP waveform using
the blood volume waveform 388 via root finding. From the
BP waveform, MP is computed as the time average of the
derived waveform. The following equation 3 illustrates how
the BP waveform and the MP are derived:
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[0080] Further details regarding the Patient-Specific Algo-
rithm may be found in U.S. Provisional Application No.
62/217,331 filed Sep. 11, 2015 incorporated by reference in
its entirety herein.

[0081] The oscillometric principles of an inflatable cuff as
described in FIGS. 6A-7B are applied to cuff-less BP
monitoring as shown in a prototype system 394. FIG. 8 is a
diagram depicting the prototype system 394 that was created
to test the feasibility of the oscillometric finger pressing
paradigm.

[0082] The prototype system 394 consists of a simple
sensor unit interfaced to a computer, which provides a visual
display, as shown in FIGS. 9A and 9B, and runs standard
algorithms to estimate BP.

[0083] The sensing unit includes the PPG sensor 320 and
pressure transducers as the pressure sensor 324 housed in a
plastic enclosure. The PPG sensor 320 is an LED and
photodetector operating in reflectance-mode and at an infra-
red wavelength (940 nm) to penetrate an artery beneath the
skin. The PPG sensor 320 surface, which constitutes the
finger pressing area, is a 10 mm diameter circle. The
pressure sensor 324 (DigiTacts Sensors, Pressure Profiling
Systems, USA) is a thin-filmed, 16x3 array of capacitive
transducer elements (5 mm length squares). Each element
outputs the pressure exerted on it in the normal direction and
has specifications that are congruent with BP measurement
(e.g., resolution and range are <1 mmHg and >250 mmHg).
The PPG sensor 320 is on top of the pressure sensor 324 with
a rigid structure-foam sheet interface between the two. This
interface allows the force applied on the PPG sensor 320
(but not elsewhere on the enclosure) to reach the pressure
sensor 324 and be uniformly distributed on the pressure
sensor 324. The applied finger pressure is the total force
measured by all of the sensing elements divided by the
pressing area. The pressure sensor 324 was calibrated as it
resides in the sensing unit by placing high density weights
on the PPG sensor 320. The relationship between the mea-
sured voltage and known pressure was nearly linear over
physiologic pressures.

[0084] FIGS. 9A and 9B are graphs depicting the pressure
applied 116 to the sensing unit 108 and the target pressure
118 displayed when pressure is applied to the sensing unit
108 as well as the blood volume oscillations 120 that are also
generated to determine BP. The sensing unit is connected to
the computer via a data acquisition system (NI USB6009,
National Instruments, USA). The visual display, which is
implemented using the data acquisition system software
(LabVIEW, National Instruments), guides the user in per-
forming the finger actuation. The guidance is simply a
display of the applied finger pressure 116 as it evolves in
real-time within a plotting window that tells the user to raise
the pressure steadily to 150 mmHg over a 30-sec interval but
not in any preset way (e.g., a linear rise). The display also
illustrates the blood volume oscillations 120 as it is being
measured and estimated BP levels. Standard algorithms,
which are implemented using computing software (MAT-
LAB, Mathworks, USA), are applied to the measured finger
pressure 116 and the blood volume oscillations 120 to
construct an oscillogram 128 and estimate finger BP. In
particular, BP is estimated using the fixed-ratio algorithm
with the ratios set to typical values of 0.85 for DP and 0.55
for SP.

[0085] FIG. 10 is a diagram depicting an index finger that
exerts the pressure applied 116 to the prototype system 394.
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The finger pressing protocol includes pressing the PPG
sensor 320 with the center of the index finger, shown in FIG.
10, above the top knuckle 396, which is above the transverse
palmer arch artery 400. The protocol further includes
instructing the user to apply the force in the normal direction
while the finger is at heart level in order to eliminate
confounding hydrostatic effects. As previously described,
the user may follow the finger pressing protocol through the
display 104 of the mobile device 100 using an application to
display the necessary graphs and prompts on the display
104. When measuring the BP of the index finger, the traverse
palmer arch artery 400 is the target artery, as discussed
below.

[0086] FIGS. 11A-11C are diagrams depicting the results
of the prototype system 394. This basic prototype system
394 was studied in human subjects in the seated posture
(similar to cuff BP measurements) under IRB approval. Each
subject addressed the sensing unit placed on a table at heart
level to eliminate hydrostatic effects. The subject placed the
center of her index finger above the top knuckle 396 on the
center of the PPG sensor 320. In this way, BP from the
transverse palmer arch artery 400 would be targeted for
measurement. The subject also rested a portion of her finger
below the top knuckle 396 on the sensing unit enclosure to
ensure normal direction force application. The subject then
performed the finger actuation under visual guidance. Many
people, including those in their 60’s, could easily implement
the finger actuation on the first try or after one or two
practice trials.

[0087] The cuff-less BP estimates of the system were
compared to BP measurements from an oscillometric arm
cuff device (BP760, Omron) in 23 mostly inexperienced
students and staff at Michigan State University (MSU). Each
subject was allowed to practice the finger actuation a couple
of times before recording the BP estimates. FIGS. 11A-11C
depict cuff-less BP estimates versus the cuff measurements.
FIG. 11A depicts the cuff-less DP versus the cuff DP 404.
FIG. 11B depicts the cuff-less MP versus the cuff MP 408.
FIG. 11C depicts the cuff-less SP versus the cuff SP 412. The
bias and precision errors were about 1-3 and 7-11 mmHg.
Since finger SP is larger than brachial SP, a crude estimate
of brachial SP via a basic formula (SP=2.5*MP-1.5*DP)
was instead used here.

[0088] FIG. 12 is a diagram depicting an example embodi-
ment of cuff-less BP measurement devices. FIG. 12 depicts
the measurement system included in a computer 500 and a
watch 504. The computer 500 and the watch 504 include the
sensing unit 108 and the display 104 as shown in FIG. 1.
[0089] FIG. 13 is a diagram depicting an example PPG
sensor 320 on the sensing unit 108. To measure the blood
volume oscillations, any available sensor known in the art
may be employed. As shown in FIG. 13, the PPG sensor 320,
which is implemented in pulse oximeters, is used. The
reflectance-mode PPG sensor, in particular, may be congru-
ent with most form factors. The green wavelength, which
typically yields a high AC signal relative to the DC signal,
or a near infrared wavelength, which penetrates beneath the
skin, or multiple wavelengths (e.g., red and infrared to also
permit measurement of arterial oxygen saturation (SpO2))
may be employed.

[0090] A single photodetector 508 and light emitting diode
512 (LED) pair may be used for measurement of blood
volume in a target artery 516 such as the transverse palmer
arch artery 400 above the top knuckle 396 of an index finger
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(see FIG. 10). The distance between the LED 512 and
photodetector 508 may be a few (e.g.. 2) millimeters and
positioned in various ways including on a line perpendicular
to the flow of arterial blood, as shown in FIG. 13. The arrows
of the target artery 516 depict the arterial blood flow.
[0091] Alternatively, the PPG sensor 320 may be trans-
missive-mode PPG sensor. For example, the PPG sensor 320
can be in a ring or “clothespin” format with the pressure
sensor mounted below the photodetector 508. When the user
presses their finger or thumb inside the PPG sensor 320 ring
onto an external, hard surface, the finger deforms. The ring
can be made out of a soft material to enable the proper
transmission of the force and keep the LED 512 preloaded
onto the top of the finger.

[0092] FIGS. 14A and 14B are diagrams depicting
example embodiments of sensing units integrated into an
encasing 520 of mobile devices 100. The encasing 520 of the
mobile device 100 is a sleeve designed to enclose the mobile
device 100. Cases are commonly used for mobile devices
100 to protect the mobile device 100 from damage such as
scratches. In the present disclosure, the encasing 520 is a
separate sleeve for the mobile device 100 and includes the
necessary components for the BP measurement system. The
encasing 520 is designed to interface with the mobile device
100 using a network communication device such as Blu-
etooth.

[0093] In FIG. 14A, a circular sensing unit 524 is shown.
The circular sensing unit 524 includes a PPG sensor array
528 with multiple light emitting diodes (LEDs) 512 and
multiple of photodetectors 508. The PPG sensor array 528 is
coupled to a pressure array 532. Alternatively, a single LED
512 may be employed, as exemplified in FIG. 14B. With the
PPG sensor array 528, the target artery 516 may be located
and blood volume oscillations from therein may be mea-
sured via selection of the largest amplitude waveform
obtained from the photodetectors 508. The surface of the
PPG sensor array 528, which constitutes the finger pressing
area, may be circular with a 10 mm diameter or occupy a
similar areca with the same or different shape, such as a
rectangle 536, as shown in FIG. 14B. The 10 mm area
facilitates the finger actuation in that a high enough pressure
can be easily achieved without being overly sensitive to the
finger forces. The PPG sensor array 528 surface may be flat
or concave to facilitate finger positioning on the PPG sensor
array 528.

[0094] In another embodiment, a red, green, and blue
(RGB) camera (e.g. from e-con Systems, USA) can be used
as reflectance-mode PPG sensor array. The RGB camera can
operate as multiple photodetectors and the camera flash can
operate as a light source. Fach pixel in a RGB video
provides blood volume waveforms at the three wavelengths.
That is, the RGB video can construct a “PPG image”. From
the PPG image, “hot spots™ in the finger can be identified to
measure the blood volume from the target artery 516. The
RBG camera, already built in the mobile device, may be
leveraged to measure the blood volume oscillations.
[0095] FIG. 14A also depicts the PPG sensor array 528 as
coupled to the pressure array 532. Various pressure or force
sensors such as resistive, capacitive, or piezoelectric trans-
ducers may be included in the pressure array 532 to measure
the pressure applied 116 to the sensing unit 108. The
specifications for the pressure sensor should be congruent
with the measurement of BP (e.g., a pressure range of 0 to
300 mmHg and a resolution of about 0.1 mmHg). As
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discussed above, the pressure sensor may be thin-filmed. In
other embodiments, larger sensors such as load cells could
be accommodated in certain form factors. The pressure
sensor array 532 would typically be the same size as the PPG
sensor array 528 surface. A single pressure transducer may
be employed or multiple, smaller pressure sensing elements
could be used to ensure that the pressure is being uniformly
applied via examination of the similarity amongst the forces
exerted on each individual sensor. In other words, one of the
benefits of using multiple pressure sensors, in any array
form, is that the force applied to each individual pressure
sensor can be measured to determine whether the force is
applied uniformly on the pressure sensors. That is, if the
forces applied to each pressure sensor vary amongst one
another, the force is not being applied uniformly. The force
applied to each pressure sensor can be used to guide a user
for successful actuation of the sensor.

[0096] As shown in FIG. 14A, the circular sensing unit
524 is embedded on a back 540 of an encasing 520 for the
mobile device 100. The encasing 520 includes a processor
544, a battery 548, and an analog to digital converter 552.
The encasing 520 may include a data acquisition system to
record measurements of BP in storage already included on
the mobile device the encasing 520 holds. The system would
include analog signal conditioning (including signal ampli-
fication and filtering with, e.g., low and high cutoff frequen-
cies of about 0.5 to at least 10 Hz) followed by analog-to-
digital conversion at 552 (with, e.g., a sampling rate of at
least 25 Hz and a resolution of 12 bits or more). Alternative
to the processor 544 a microcontroller may be included in
the encasing 520. The microcontroller may include a Blu-
etooth transmission module, which may be employed to
send the digitized data wirelessly to the mobile device 100
for display and processing. In other embodiments, any
network communication device may be used to receive and
transmit digitized data between the encasing 520 and the
mobile device 100.

[0097] The entire “external” system may be battery pow-
ered by the battery 548. In form factors built into the mobile
device, the digitized data may be sent to the display 104 and
stored in an available medium for processing in the mobile
device 100. The storage medium, however, may be included
in the encasing 520. The necessary components could also
be added on to or included in existing mobile devices 100
such as a cell phone, PDAs, laptops, tablets, wearables
including smartwatches and wristbands, or any other form of
a portable electronic device.

[0098] To compute BP or determine that the finger actua-
tion was unsuccessful, the recorded data, stored in the
storage medium, are analyzed by a set of algorithms imple-
mented on the mobile device’s processor 544.

[0099] The quality of the pressure applied 116 to the
sensing unit 108, e.g., in FIG. 9A, and blood volume
waveform, e.g., in FIG. 9B, is initially assessed possibly
after some filtering (e.g., bandpass filtering with cutoff
frequencies of 0.5 to 10 Hz for the blood volume waveform).
If the pressure applied 116 to the sensing unit 108 does not
cover a wide enough range (e.g., at least 50 mmHg) over a
sufficiently long time interval (e.g., at least 10 seconds) or
the shape of the blood volume pulses often do not show
physiologic character (i.e., a rapid rise followed by a slower
decay), then the finger actuation may be deemed unsuccess-
ful. In the event that multiple pressure sensors 532 are
employed, the finger actuation could also be deemed unsuc-
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cessful, if the pressure experienced by each sensor is sig-
nificantly different, as previously described. Otherwise, the
multiple pressures may be averaged to yield a single pres-
sure applied 116 to the sensing unit 108.

[0100] If the pressure applied 116 to the sensing unit 108
and blood volume waveform are considered to be of suffi-
cient quality, the oscillogram 128 is constructed, for
example by the oscillogram generator 308 of FIG. 3, accord-
ing to any method known in the art of cuff BP measurement.
For example, the pressure applied 116 to the sensing unit
108 is lowpass filtered or a polynomial is fitted to mitigate
spurious fluctuations in the pressure applied 116 to the
sensing unit 108. The maximum and minimum of each beat
of the blood volume waveform are detected. These extrema,
as a function of the pressure applied 116 to the sensing unit
108, are median filtered to attenuate respiratory and pulse
rate variability as well as artifact. Finally, the extrema are
linearly interpolated, and the difference between the two
envelopes is taken as the oscillogram 128. If the oscillogram
128 does not exhibit physiologic character (e.g., uni-modal
and smooth), the finger actuation may also be considered
unsuccessful. For a physiologic oscillogram, a parametric
model (e.g., single or multiple Gaussian functions or a
quadratic function) may be fitted to yield a more robust
oscillogram.

[0101] Finger BP is next estimated from successful oscil-
lograms according to known algorithms in the art of oscil-
lometry. For example, the basic maximum oscillation algo-
rithm, the standard fixed-ratio algorithm seen in FIGS. 6A
and 6B, the fixed-slope algorithm, or some combination or
variant of the two may be employed. Alternatively, a patient-
specific algorithm seen in FIGS. 7A and 7B, which may be
more accurate than conventional population-based algo-
rithms, may be applied. A third option is a combination of
simple and more sophisticated algorithms. For example, a
combined algorithm could output a MP estimate via the
pressure applied 116 at which the oscillogram 128 is maxi-
mal when relatively low quality oscillograms are obtained
and all three BP estimates via the patient-specific algorithm
when higher quality oscillograms are measured. The algo-
rithm could also output a confidence level on the accuracy
of its BP estimates based on the measurement quality.

[0102] Standard brachial (arm) BP, which is the proven
cardiovascular risk factor, may also be derived. While finger
and brachial MP and DP are similar, finger SP is higher than
brachial SP due to arterial wave reflection. Brachial SP may
be estimated by simple transformations of finger BP. For
example, since the ratio of finger SP to brachial SP may
decrease with age, an age-dependent scaling of finger SP
could be applied to estimate brachial SP. Altematively, a
transfer function may be applied to more accurately estimate
brachial BP from finger BP. The transfer function would
require input of the finger BP waveform, which could be
obtained with the patient-specific algorithm. Another possi-
bility is to estimate brachial SP from finger DP and MP using
empirical formulas designed for brachial BP (e.g., MP=(14)
*SP+(%5)*DP).

[0103] Other physiologic parameters of interest such as
pulse rate and pulse rate variability may also be computed
from the blood volume waveform using any method known
in the art. The pulse rate variability could be assessed to
determine the presence of an arrhythmia such as atrial
fibrillation using any method known in the art. If red and
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infrared PPG measurements are available, SO2 may addi-
tionally be computed using an existing method.

[0104] Finally, an algorithm could also be employed for
early termination of the finger actuation. For example, the
oscillogram 128 could be constructed in real-time as the
finger pressure is being applied. If the portion of the oscil-
logram that has been currently constructed is similar to the
same portion of a previously constructed, complete oscillo-
gram, then the previous BP levels could reasonably be
assumed and immediately outputted. In this way, some BP
measurements may only take a few seconds to make.

[0105] FIG. 14B is a diagram depicting a rectangular
sensing unit 556. The rectangular sensing unit 556 includes
a rectangular PPG sensor array 560 with multiple photode-
tectors 508 and one LED 512 and a rectangular pressure
sensor array 566. The rectangular sensing unit 556 is placed
on a side 570 of the encasing 520, which may be better
suited to the finger pressing task.

[0106] FIG. 15 is a diagram depicting another embodi-
ment of the cuff-less BP measurement system on the mobile
device 100. For example, the mobile device 100 depicted in
FIG. 15 is the same as the mobile device 100 of FIG. 1.
However, instead of using the encasing 520 to couple the
sensing unit 108 to the mobile device 100, the existing PPG
sensor or the existing RGB camera 574 on the mobile device
100 is used. To complete the sensing unit, a donut shaped
pressure sensor 578 is placed on top of and around the PPG
sensor 574 to allow the passage of light.

[0107] FIG. 16 is a diagram depicting another embodi-
ment of the cuff-less BP measurement system. FIG. 16
depicts the cuff-less BP measurement system with an inftra-
red PPG sensor 582 located below the display 104 of the
mobile device 100. The sensing unit 108, employing the
infrared PPG sensor 582, could be placed under the display
104 while leveraging the pressure sensing capabilities of the
display 104. In this case, a picture of the user’s finger 586
could be displayed indicating exactly where the user should
position their finger for subsequent pressing.

[0108] FIGS.17A-17C are diagrams depicting an embodi-
ment of the cuff-less BP measurement system with finger
placement indicators. In FIG. 17A, the finger placement
indicator 590 facilitates the finger positioning on the sensing
unit 108 of the mobile device 100. The finger placement
indicator 590 is a physical bartier placed around the sensing
unit 108 to guide repeatable finger placement. The finger
placement indicator 590 may be included on the encasing
520 or as a separate item attached to the mobile device 100
when using the RGB camera or PPG sensor of the mobile
device 100. The finger placement indicator 590 could be
adjustable to accommodate different finger sizes or multiple
finger placement indicators 590 could be offered for differ-
ent finger sizes (i.e.. small, medium, and large). The finger
placement indicator could also be a more subtle physical
barrier than that indicated 590.

[0109] In FIG. 17B, a visual guide finger placement indi-
cator 594 is placed on the mobile device 100. Alternatively,
the visual guide finger placement indicator 594 may be on
the encasing 520 of the mobile device 100. For example,
lines could be drawn over the sensing unit 108 to guide the
user in placing the base of the finger nail between the LED
512 and photodetector 508 and the center of the finger on the
line passing through the LED 512 and photodetector 508, as
also shown in FIG. 17C at 594. In addition, the sensing umt
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108 may be positioned so that a portion of the finger below
the top knuckle can also rest on the device to ensure normal
direction force application.

[0110] The cuff-less BP measurement system, in any of the
embodiments, may also be accompanied by additional
means to guide proper finger actuation. In particular, proper
finger placement for a specific user may be determined via
an initialization protocol. This protocol involves measuring
the oscillogram 128 at different finger positions on the
sensing unit 108 and choosing the finger position based on
the oscillogram amplitude and morphology (e.g., maximal
oscillogram) or based on an initial cuff BP reading.

[0111] FIGS. 18A-18D are diagrams depicting an example
position detection system included in the cuff-less BP mea-
surement system. The camera that is already built in the
mobile device 100 may be leveraged to ensure that the
mobile device 100 is being held at heart level 600. The
camera of the mobile device 100, as discussed above with
respect to the RGB camera, may be used as a PPG sensor as
well. For position detection purposes, the camera records an
image of the face 604 while the mobile device 100 is known
to be at heart level 600. For subsequent BP measurements,
the camera records another image and compares the current
image to the previously recorded image 604 known to be at
heart level 600. The silhouette from the current image
should be close enough to that of the previously recorded
image. Otherwise, the application asks the user to put the
mobile device at heart level. An example image when the
mobile device 100 is below heart level 600 is shown at 608.
This approach would only be effective when the user is in
the upright posture. The accelerometer that is already in the
mobile device 100 could also possibly be leveraged for
confirming heart level 600.

[0112] In another embodiment, the cuff-less BP system
may compensate for BP calculations when it has been
detected that the user had their BP measured without holding
the mobile device 100 at heart level. For example, after
instructing the user to hold the mobile device 100 at heart
level and then proceed to steadily increase the applied finger
pressure, the system measures and records BP measure-
ments. If the system detects that the mobile device 100 is not
being held at heart level, then the recorded BP measurements
can be adjusted accordingly for the height at which the
measurements were being taken using a rho-g-h correction,
where rho is the known blood density, g is gravity, and h is
the vertical distance between the finger and heart estimated
from the images.

[0113] FIG. 19 is a flowchart depicting the example posi-
tion detection system included in the cuff-less BP measure-
ment system. The system is initialized at 204 and the
pressure applied 116 by the finger is detected at 208. To
ensure that the user is holding the mobile device 100 at heart
level, the system captures a current photo 608 of the user at
700. The system then compares the current photo 608 to a
previously recorded or stored photo 604 of the user when the
mobile device 100 is known to be held at heart level at 704.
If the current photo 608 is the same as or similar enough to
the previously recorded photo 604, then the system contin-
ues to measure and graph blood volume oscillations and
pressure applied 116 to the sensing unit 108 with the finger
at 224. If, however, the current photo 608 differs from the
previously recorded photo 604 by a predetermined amount,
then the system provides feedback to the user instructing to
user to adjust the mobile device 100 to heart level at 712. In
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an embodiment, the photos that are captured may be silhou-
ettes or outlines to be able to compare a size of the user to
determine if the mobile device 100 is at heart level.

[0114] As another example to guide proper finger actua-
tion, a fingerprint could be taken and used to confirm and/or
guide proper finger positioning on the sensing unit 108 as
well as to identify the user for a multi-user device. Main-
taining an identity of users ensures measurements are trans-
mitted to the appropriate place. In addition, the application
could include an instructional video to explain how to use
the device correctly. Alternatively, the user could test for the
best finger position by measuring the user’s BP multiple
times and recording the finger position each time. After at
least two attempts to measure the user’s BP, the application
could determine which BP measurement results in the larg-
est oscillogram and indicate to the user that the recorded
finger position for the largest oscillogram is the preferred
finger position for that user.

[0115] In other embodiments, the mobile device 100 could
act as the actuator instead of the user. For example, the
mobile device 100 could include a motor driven system or
a mechanical spring that would automatically apply the
pressure to the finger placed on the sensing unit 108.
Additionally, the method could also be integrated within
non-mobile device form factors including elevator control
panels, video game controllers, doorbells, keychains, steer-
ing wheels, bathroom mirrors, pill bottle caps, etc.

[0116] Some portions of the above description present the
techniques described herein in terms of algorithms and
symbolic representations of operations on information.
These algorithmic descriptions and representations are the
means used by those skilled in the data processing arts to
most effectively convey the substance of their work to others
skilled in the art. These operations, while described func-
tionally or logically, are understood to be implemented by
computer programs. Furthermore, it has also proven conve-
nient at times to refer to these arrangements of operations as
modules or by functional names, without loss of generality.
[0117] Unless specifically stated otherwise as apparent
from the above discussion, it is appreciated that throughout
the description, discussions utilizing terms such as “process-
ing” or “computing” or “calculating” or “determining” or
“displaying” or the like, refer to the action and processes of
a computer system, or similar electronic computing device,
that manipulates and transforms data represented as physical
(electronic) quantities within the computer system memories
or registers or other such information storage, transmission
or display devices.

[0118] Certain aspects of the described techniques include
process steps and instructions described herein in the form
of an algorithm. It should be noted that the described process
steps and instructions could be embodied in software, firm-
ware or hardware, and when embodied in software, could be
downloaded to reside on and be operated from different
platforms used by real time network operating systems.
[0119] The present disclosure also relates to an apparatus
for performing the operations herein. This apparatus may be
specially constructed for the required purposes, or it may
comprise a computer selectively activated or reconfigured
by a computer program stored on a computer readable
medium that can be accessed by the computer. Such a
computer program may be stored in a tangible computer
readable storage medium, such as, but is not limited to, any
type of disk including floppy disks, optical disks, CD-
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ROMs, magnetic-optical disks, read-only memories
(ROMs), random access memories (RAMs), EPROMs,
EEPROMs, magnetic or optical cards, application specific
integrated circuits (ASICs), or any type of media suitable for
storing electronic instructions, and each coupled to a com-
puter system bus. Furthermore, the computers referred to in
the specification may include a single processor or may be
architectures employing multiple processor designs for
increased computing capability.
[0120] The algorithms and operations presented herein are
not inherently related to any particular computer or other
apparatus. Various general-purpose systems may also be
used with programs in accordance with the teachings herein,
or it may prove convenient to construct more specialized
apparatuses to perform the required method steps. The
required structure for a variety of these systems will be
apparent to those of skill in the art, along with equivalent
variations. In addition, the present disclosure is not
described with reference to any particular programming
language. It is appreciated that a variety of programming
languages may be used to implement the teachings of the
present disclosure as described herein.
[0121] The foregoing description of the embodiments has
been provided for purposes of illustration and description. It
is not intended to be exhaustive or to limit the disclosure.
Individual elements or features of a particular embodiment
are generally not limited to that particular embodiment, but,
where applicable, are interchangeable and can be used in a
selected embodiment, even if not specifically shown or
described. The same may also be varied in many ways. Such
variations are not to be regarded as a departure from the
disclosure, and all such modifications are intended to be
included within the scope of the disclosure.
What is claimed is:
1. A mobile device, comprising
a housing defining two opposing exterior surfaces;
a processor enclosed within the housing;
a display unit integrated into a first of the two opposing
exterior surfaces;
a sensing unit integrated into a second of the two opposing
exterior surfaces and configured to measure blood
pressure at a fingertip of a user, wherein the sensing
unit includes a reflectance-mode photo-plethysmogra-
phy (PPG) sensor configured to measure blood volume
oscillations and a force sensor configured to measure
pressure applied by the fingertip, such that the force
sensor is placed on top of the PPG sensor as it relates
to the second exterior surface;
avisual guide disposed on the same exterior surface as the
sensing unit and arranged in relation to the sensing unit,
such that the visual guide is an indicia for placement of
the fingertip in relation to the sensing unit; and
a non-transitory computer-readable medium enclosed in
the housing that stores instructions that, when executed
by the processor, cause the processor to:
measure pressure applied to the sensing unit by a
fingertip of a user,

measure blood volume oscillations in the fingertip,

guide the user via the display unit to vary pressure
being applied to the sensing unit by the fingertip
while the blood volume oscillations and pressure are
measured,

generate an oscillogram from the measured pressure
and the measured blood volume oscillations, where
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the oscillogram plots amplitude of blood volume
oscillations as a function of the measured pressure,
calculate a blood pressure value from the oscillogram,
and
present the blood pressure value on the display unit.
2. The mobile device of claim 1 wherein the PPG sensor
is further defined as a light emitting diode-photodetector
pair.
3. The mobile device of claim 1 wherein the PPG sensor
is further defined as a camera.
4. The mobile device of claim 1 wherein the force sensor
is disposed around the periphery of the PPG sensor.
5. The mobile device of claim 1 includes instructions that,
when executed by the processor, cause the processor to
guide the user to hold the device at a height aligned with the
heart of the user.
6. The mobile device of claim 1 further includes instruc-
tions that, when executed by the processor, cause the pro-
cessor to capture an image of the user with the camera,
compare the captured image to a reference image of the user,
and instruct the user to hold the mobile device at a height
aligned with heart of the user based on the comparison of the
captured image with the reference image, where the refer-
ence image was captured when the device was being held at
a height aligned with the heart of the user.
7. The mobile device of claim 1 further includes instruc-
tions that, when executed by the processor, cause the pro-
cessor to capture an image of the user with a camera,
compare the captured image to a reference image of the user,
detect a height at which the device is being held relative to
the heart based on the comparison of the captured image
with the reference image, where the reference image was
captured when the device was being held at a height aligned
with the heart of the user, and compensate the calculated
blood pressure value in accordance with the detected height.
8. The mobile device of claim 1 wherein the processor
generates the blood pressure value by
representing the oscillogram with a mathematical model,
wherein the mathematical model is defined in terms of
parameters with unknown values, the parameters indi-
cating finger systolic pressure and finger diastolic pres-
sure and specifying a nonlinear blood volume-trans-
mural pressure relationship of the fingertip artery;

estimating the parameters of the mathematical model by
fitting the mathematical model to the oscillogram; and

computing brachial systolic pressure and diastolic pres-
sure using the parameter estimates.

9. The mobile device of claim 8 wherein computing
brachial systolic pressure and diastolic pressure further
comprises use of a transfer function.

10. A system for measuring blood pressure, comprising:

a mobile device including a processor and a display unit;

and

an encasing configured to encase the mobile device,

wherein the encasing includes:

a sensing unit integrated into the encasing and config-
ured to measure blood pressure at a fingertip of a
user, wherein the sensing unit includes a reflectance-
mode photo-plethysmography (PPG) sensor config-
ured to measure blood volume oscillations and a
force sensor configured to measure pressure applied
by the fingertip; and
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a visual guide disposed on the encasing and arranged in
relation to the sensing unit, such that the visual guide
is an indicia for placement of the fingertip in relation
to the sensing unit;

wherein the system includes a non-transitory computer-

readable medium that stores instructions that, when

executed by the processor, cause the processor to:

measure pressure applied to the sensing unit by a
fingertip of a user,

measure blood volume oscillations in the fingertip,

guide the user via the display unit to vary pressure
being applied to the sensing unit while the blood
volume oscillations and pressure are measured,

generate an oscillogram from the measured pressure
and the measured blood volume oscillations, where
the oscillogram plots amplitude of blood volume
oscillations as a function of the measured pressure,

calculate a blood pressure value from the oscillogram,
and

present the blood pressure value on the display unit.

11. The system of claim 10 wherein the PPG sensor
includes at least one light emitting diode and an array of
photodetectors.

12. The system of claim 11 wherein the maximum ampli-
tude photodetector signal is used as the blood volume
oscillations.

13. The system of claim 10 wherein the force sensor is an
array of force transducer elements.

14. The system of claim 13 wherein the area of force
application is determined based on the force outputs of each
element.

15. The system of claim 10 wherein the sensing unit
further includes a temperature sensor.

16. The system of claim 10 further includes instructions
that, when executed by the processor, cause the processor to
guide the user to hold the device at a height aligned with the
heart of the user.

17. The system of claim 16 further includes instructions
that, when executed by the processor, cause the processor to
capture an image of the user with a camera, compare the
captured image to a reference image of the user, and instruct
the user to hold the mobile device at a height aligned with
the heart of the user based on the comparison of the captured
image with the reference image, where the reference image
was captured when the device was being held at a height
aligned with the heart of the user.

18. The system of claim 10 further includes instructions
that, when executed by the processor, cause the processor to
capture an image of the user with a camera, compare the
captured image to a reference image of the user, detect the
height at which the device is being held relative to the heart
based on the comparison of the captured image with the
reference image, where the reference image was captured
when the device was being held at a height aligned with the
heart of the user, and compensate the calculated blood
pressure value in accordance with the detected height.

19. The system of claim 10 wherein the processor gen-
erates a blood pressure value by

representing the oscillogram with a mathematical model,

wherein the mathematical model is defined in terms of
parameters with unknown values, the parameters indi-
cating finger systolic pressure and finger diastolic pres-
sure and specifying a nonlinear blood volume-trans-
mural pressure relationship of the fingertip artery;
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estimating the parameters of the mathematical model by
fitting the mathematical model to the oscillogram; and
computing brachial systolic pressure and diastolic pres-
sure using the parameter estimates.
20. The system of claim 19 wherein computing brachial
systolic pressure and diastolic pressure further comprises
use of a transfer function.
21. A mobile device, comprising:
a housing defining two opposing exterior surfaces, each of
the opposing exterior surfaces being substantially pla-
nar;
a processor enclosed within the housing;
a display unit integrated into a first of the two opposing
exterior surfaces;
a reflectance-mode photoplethysmography (PPG) sensor
integrated into the housing and configured to measure
blood volume oscillations;
a force sensor disposed underneath the display unit and
configured to measure applied pressure;
a visual guide on the display unit, such that the visual
guide is an indicia for placement of the fingertip on the
device; and
a non-transitory computer-readable medium enclosed in
the housing that stores instructions that, when executed
by the processor, cause the processor to:
measure pressure applied to the sensing unit by a
fingertip of a user,

measure blood volume oscillations in the fingertip,

guide the user via the display unit to vary pressure
being applied to the sensing unit while the blood
volume oscillations and pressure are measured,

generate an oscillogram from the measured pressure
and the measured blood volume oscillations, where
the oscillogram plots amplitude of blood volume
oscillations as a function of the measured pressure,

calculate a blood pressure value from the oscillogram,
and

present the blood pressure value on the display unit.

22. The mobile device of claim 21 wherein the PPG
sensor is further defined as a camera.

23. The mobile device of claim 21 includes instructions
that, when executed by the processor, cause the processor to
guide the user to hold the device at a height aligned with the
heart of the user.

24. The mobile device of claim 23 further includes
instructions that, when executed by the processor, cause the
processor to capture an image of the user with a camera,
compare the captured image to a reference image of the user,
and instruct the user to hold the mobile device at a height
aligned with the heart of the user based on the comparison
of the captured image with the reference image, where the
reference image was captured when the device was being
held at a height aligned with the heart of the user.

25. The mobile device of claim 21 further includes
instructions that, when executed by the processor, cause the
processor to capture an image of the user with a camera,
compare the captured image to a reference image of the user,
detect the height at which the device is being held relative
to the heart based on the comparison of the captured image
with the reference image, where the reference image was
captured when the device was being held at a height aligned
with the heart of the user, and compensate the calculated
blood pressure value in accordance with the detected height.
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26. The mobile device of claim 21 wherein the processor
generates a blood pressure value by
representing the oscillogram with a mathematical model,
wherein the mathematical model is defined in terms of
parameters with unknown values, the parameters indi-
cating finger systolic pressure and finger diastolic pres-
sure and specifying a nonlinear blood volume-trans-
mural pressure relationship of the fingertip artery;
estimating the parameters of the mathematical model by
fitting the mathematical model to the oscillogram; and
computing brachial systolic pressure and diastolic pres-
sure using the parameter estimates.
27. The mobile device of claim 26 wherein computing
brachial systolic pressure and diastolic pressure further
comprises use of a transfer function.
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