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SYNTHETIC APERTURE
PHOTOPLETHYSMOGRAPHY SENSOR

TECHNICAL FIELD

[0001] This invention relates generally to a field of heart
health data collection devices, and more specifically to
determining a cardiac function of a toilet seat user using
photoplethysmography.

BACKGROUND

[0002] Heart health data is collected by healthcare profes-
sionals and patients for the purpose of understanding and
improving patients’ health. It is common for physicians to
collect this data utilizing photoplethysmography (PPG)
measurements. When necessary, patients collect PPG mea-
surements themselves.

[0003] One problem with PPG measurement collection is
that it can be tedious, requiring a patient’s time and the time
of his or her physician. It may also be difficult to collect
accurate data when PPG measurements are sensitive to
movement of the patient. Another problem is that data which
is collected at one moment in time may be representative of
only that moment. In general, when a patient is out of a care
facility, PPG measurement collection may not be as frequent
or as regular as would be desired to obtain more compre-
hensive heart health data.

SUMMARY OF THE INVENTION

[0004] A method of conditionally combining photopl-
ethysmography (PPG) measurements is disclosed that over-
comes or improves upon the limitations discussed above. In
general, a synthetic aperture photoplethysmography (PPG)
sensor is disclosed. A group of contiguous PPG sensors
located on a toilet seat are conditionally combined based on
sensor measurements. Conditional combinations may be
based on timing data or signal-to-noise ratio data of each of
the PPG measurements. Measurements associated with the
conditional combinations are then used to determine a
cardiac function of a toilet user. Averaging of one or more of
the conditional combinations may be used to determine the
cardiac function of a toilet user. One or more conditional
combinations may be determined (grouping of sensor mea-
surements) at least partially based on an intensity level of
received light at the PPG sensors. One or more of the one or
more conditional combinations are determined at least par-
tially based on an intensity level change of received light at
the PPG sensors over a predetermined time interval. Balli-
stocardiography (BCG) measurements from a BCG sensor
located in the toilet seat and/or bio-impedance measure-
ments from electrodes in the toilet seat may be obtained and
used to determine a predetermined time interval filter for
filtering changes in PPG sensor readings within the prede-
termined time interval of each PPG sensor. Conditional
combinations or groupings of PPO sensors based on similar
deltas or change amounts within the predetermined time
interval may be used to obtain optimal PPG sensor group-
ings. The optimal groupings may be further averaged or the
first PPG sensor measurement which arrived first-in-time
may be selected and used to determine a cardiac function of
the toilet user. Obtaining BCG measurements may comprise
measuring a changing weight of the toilet seat user over time
with the one or more force sensors. A group of contiguous
PPG sensors may be arranged in a two-dimensional array.

Apr. 5,2018

The contiguous PPG sensors may comprise photodiode
devices, charge-coupled devices (CCDs), active-pixel sen-
sors, or complementary metal-oxide-semiconductor
(CMOS) sensors. The contiguous PPG sensors may com-
prise light emitting diodes or laser diodes. The contiguous
PPG sensors may comprise both light transmitters and light
receivers. Combining the PPG measurements may comprise
selectively averaging two or more of the PPG measure-
ments. Two or more of the PPG measurements may be
selected based on a signal-to-noise ratio threshold and a data
timing threshold. One or more conditional combinations
may be determined by choosing a conditional combination
of the one or more conditional combinations which has a
first arrival in-time compared to the other combinations or
individual sensor measurements of the first arrival combi-
nation. The cardiac function may comprise blood oxygen
level, heart rate, blood pressure, blood flow rate, pulse
transit time, or a combination thereof. Bio-impedance mea-
surements may be obtained from bio-impedance electrodes
on the toilet seat of a toilet. Timing data may include timing
data associated with the bio-impedance measurements. Toi-
let seat may comprise one or more fiber optic lines or
bundles of optical fibers. The optical fibers may connect to
a plurality of light emitting diodes and at least one optical
detector.

[0005] The general embodiment described above saves
time and is more convenient for patients and physicians,
because PPG measurements may be collected automatically
in patients’ residences or in clinics or hospitals. Collecting
PPG measurements from contiguous PPG sensors facilitates
more accurate data, since the PPG measurements are com-
bined into less movement-sensitive conditional combina-
tions. Positioning errors due to a user’s position on a toilet
seat are also reduced or eliminated. Positioning errors due to
blood reflection positioning on a PPG sensor are reduced or
eliminated. Weak reflection and noise due to a small sensor
aperture are eliminated. With the PPG sensors being located
on a toilet seat, PPG measurements may be collected regu-
larly from a patient within his or her residence. This enables
more regular and comprehensive heart health data.

[0006] In one embodiment, a method of conditionally
combining PPG measurements is disclosed which includes
obtaining PPG measurements, combining the PPG measure-
ments into conditional combinations, and using the condi-
tional combinations to determine cardiac function of a toilet
seat user. The PPG measurements are obtained from a group
of contiguous PPG sensors located on a toilet seat. The
conditional combinations are combined dependent on timing
data and signal-to-noise ratios corresponding to each of the
PPG measurements.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] A more particular description of the invention
briefly described above is made below by reference to
specific embodiments. Several embodiments are depicted in
drawings included with this application, in which:

[0008] FIG. 1 shows a toilet seat with contiguous PPG
sensors in accordance with an embodiment of the invention;
[0009] FIG. 2 shows a user on a toilet in accordance with
an embodiment of the invention;

[0010] FIG. 3 shows a toilet seat with contiguous PPG
sensors in accordance with an embodiment of the invention;
[0011] FIG. 4 shows a toilet seat with contiguous PPG
sensors in accordance with an embodiment of the invention;
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[0012] FIG. 5 shows a top view of a portion of toilet seat
with a close view of contiguous PPG sensors in accordance
with an embodiment of the invention;

[0013] FIG. 6 shows cross-sectional view of a toilet seat,
contiguous PPG sensors, and a user’s leg in accordance with
an embodiment of the invention;

[0014] FIG. 7 shows a top view with a user sitting on a
toilet seat with contiguous PPG sensors in accordance with
an embodiment of the invention;

[0015] FIG. 8 shows a top view of a portion of toilet seat
with a close view of contiguous PPG sensors in accordance
with an embodiment of the invention;

[0016] FIG. 9 shows a top view of a portion of toilet seat
with a close view of contiguous PPG sensors in accordance
with an embodiment of the invention; and

[0017] FIG. 10 shows a toilet seat with contiguous PPG
sensors in accordance with an embodiment of the invention;

DETAILED DESCRIPTION

[0018] A detailed description of the claimed invention is
provided below by example, with reference to embodiments
in the appended figures. Those of skill in the art will
recognize that the components of the invention as described
by example in the figures below could be arranged and
designed in a wide variety of different configurations. Thus,
the detailed description of the embodiments in the figures is
merely representative of embodiments of the invention, and
is not intended to limit the scope of the invention as claimed.
[0019] In some instances, features represented by numeri-
cal values, such as dimensions, mass, quantities, and other
properties that can be represented numerically, are stated as
approximations. Unless otherwise stated, an approximate
value means “correct to within 50% of the stated value.”
Thus, a length of approximately 1 inch should be read “1
inch+/-0.5 inch.”

[0020] Aspects of the present invention are described
herein with reference to flowchart illustrations and/or block
diagrams of methods, apparatus (systems), and computer
program products according to embodiments of the inven-
tion. Those of skill in the art will understand that each block
of the flowchart illustrations and/or block diagrams, and
combinations of blocks in the flowchart illustrations and/or
block diagrams, may be implemented by computer readable
program instructions. Additionally, those of skill in the art
will recognize that the system blocks and method flow-
charts, though depicted in a certain order, may be organized
in a different order and/or configuration without departing
from the substance of the claimed invention.

[0021] FIG. 1 depicts a top view 100 of a toilet seat 102
having an array of photoplethysmography (PPG) sensors
120. The PPG sensor array may form a two-dimensional or
matrix array as shown in FIG. 1. The matrix of PPG sensors
may have any number of columns and rows and be placed
at any location along the toilet seat. Each of the PPG sensors
in the array comprise at least a light transmitter and a light
receiver. Light transmitters may be light emitting diodes or
laser diodes. Light receivers may be photodiodes, charge-
coupled devices (CCDs), active-pixel sensors, or comple-
mentary metal-oxide-semiconductor (CMOS) sensors. Toi-
let seat 102 includes a plurality of photoplethysmography
(PPG) sensors 120 in a matrix or group of contiguous PPG
sensors. The Group of PPG sensors is located on toilet seat
102 being recessed in the surface allowing a substantially
planer top surface where a user of the toilet may sit and
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contact skin while using toilet seat 102. A method for
utilizing toilet seat 102 to conditionally combine PPG mea-
surements is described. The method includes obtaining PPG
measurements from PPG sensor group 120, combining the
PPG measurements into conditional combinations, and
using the conditional combinations to determine cardiac
function of a toilet seat user. Combining the PPG measure-
ments into conditional combinations may be dependent on
timing data and/or signal-to-noise ratios corresponding to
each of the PPG measurements. For instance, PPG sensor
array 120 includes 20 PPG sensors. If a user were to cover
all or some of the 20 PPG sensors, an ideal sensor would
output an analog intensity value changing in time based on
blood profusion through the leg, thigh, and/or buttocks area
as a result of a user’s heart beating. Some PPG sensors may
measure a high intensity which does not change over time
proportional to a heartbeat or blood flow, have a low
signal-to-noise ratio, or have a high or low intensity value
which does not change overtime proportional to a heartbeat
or blood flow. Direct reflections from a source light caused
by skin surface topology, lotions, tattoos, or inclusions or
protrusions on the skins surface may add to noise and keep
blood profusion light scattering from modulating light detec-
tors in some of the PPG sensors. Such sensors may be
grouped together. Other sensors may have a low or high
intensity which does not change due to ambient light con-
ditions or lack of light transmitted back the light detectors in
the PPG sensors, these may be grouped in another group.
Sensors with data representative of a user’s heart beat may
be grouped in another group. Sensor in a group may be
further filtered based on intensity levels of signals and
timing of signals. One or more signals representative of a
user’s heart beat may be chosen as a usable PPG signal or
averaged with another signal to form a usable PPG signal.
Sensors with low or high intensity levels which do not
change relative to a user’s heart beat may have light sources
turned off to reduce noise to other sensors with usable
signals. Sensors not touching skin of a user may also have
light sources turned off.

[0022] In some embodiments, toilet seat 102 includes a
controller 118. Controller 118 may be coupled via a wire or
wirelessly to PPG sensors 120. Controller may include
memory, one or more processors, wireless and wired trans-
ceivers and be operably connected to PPG array sensors.
Controller 118 may communicate with remote computers
and user devices over the Internet or through direct local
connections. Controller 118 may receive PPG measurements
as well as timing data, and may store them in memory for
later use. The controller may be coupled to a power source
such as a wall outlet, batteries, etc. Additionally, the con-
troller may control power flow or data communications to
and from PPG array sensors 120.

[0023] In some further embodiments, the controller com-
bines the PPG measurements into the conditional combina-
tions and may use the conditional combinations in deter-
mining values for metrics relating to cardiac health. The
previously mentioned metrics may include blood-oxygen
saturation levels, systolic and diastolic pressures, frequency
of premature ventricular contraction, heart beat rate, pulse
transit time, pulse arrival time, pulse wave velocity, systolic
amplitude, pulse width, pulse area, arterial stiffness index,
etc. The preceding metrics are well known in the art, as a
person having skill in the art may appreciate.
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[0024] PPG sensors 120 may each include a photodetector.
One or more of the PPG sensors may include light trans-
mitters to illuminate tissue and detect blood profusion of the
toilet user, in conjunction with the photodetectors which are
used to measure small variations in light intensity associated
with changes in blood vessel volume. Increase in blood
volume indicates decrease in light intensity and vice versa.
[0025] In some embodiments, toilet seat 102 may include
a wireless transceiver. The wireless transceiver may com-
municate with a peripheral device which may, in turn,
combine the PPG measurements into the conditional com-
binations and use them to determine cardiac health metrics,
as described above. The peripheral device may be any of a
variety of devices, including a laptop, a smart phone, a cloud
server, etc.

[0026] In some embodiments, toilet seat 102 includes
pressure sensors. When the toilet seat user sits on toilet seat
102 the pressure sensors may send a signal to a controller
and/or the PPG sensors 120. Subsequently, PPG sensors 120
may obtain PPG measurements.

[0027] Inthe depicted embodiment, group 120 of contigu-
ous PPG sensors is arranged in a two-dimensional array.
[0028] FIG. 2 depicts a front view of a user using a toilet.
Toilet seat 200 includes a group of contiguous PPG sensors
(as depicted in FIG. 1). Toilet seat user 206 has ballistocar-
diography (BCG) sensor 208 attached to him or her. A
method of conditionally combining PPG measurements is
described. The method includes obtaining PPG measure-
ments from the PPG sensors located on toilet seat 200 and
conditionally combining them. Additionally, the method
includes obtaining BCG measurements from BCG sensor
208.

[0029] The BCG measurements may be used with the PPG
measurements to determine pulse transit time (PTT). As is
known in the art, PTT is dependent on blood pressure,
making it easy to use to determine blood pressure of user
206.

[0030] FIG. 3 depicts an embodiment with a BCG sensor.
Toilet seat 302 includes a group 320 of contiguous PPG
sensors 320 and ballistocardiography (BCG) sensors 308,
310, 312 and 314. BCG sensors 308, 310, 312 and 314 are
located in toilet seat 302. In some embodiments, BCG
sensors 308, 310, 312 and 314 are force sensors. BCG
sensors 308, 310, 312 and 314 may be used to detect a toilet
user’s heart beat and provide a timing filter for PPG sensors
320. Timing signal of BCG sensors 308, 310, 312 and 314
may be used to form conditions of conditional combinations
of PPG sensors 320.

[0031] A method of conditionally combining PPG mea-
surements is described. The method includes obtaining PPG
measurements from group 320, combining the PPG mea-
surements into conditional combinations, and using the
conditional combinations to determine cardiac function of a
toilet seat user. In some other embodiments, wherein BCG
sensor 308 is a force sensor, obtaining PPG measurements
includes measuring a weight of the toilet seat user with the
force sensor. Subsequently the method includes adjusting
intensities of light emitted by light transmitters correspond-
ing to the contiguous PPG sensors, dependent on the weight
of the toilet seat user.

[0032] Light transmitters of PPG sensors 320 may emit
light with varying intensities in an attempt to find useable
PPG signals. Toilet users with different weight may need
more or less light intensity to detect usable PPG signals.
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[0033] In some embodiments, when toilet weight is
detected by BCG sensors 308, 310, 312 and 314 triggering
of PPG sensors 320 may occur. When weight is removed
from toilet seat 302 PPG sensors 302 may deactivate. In
some embodiments, PPG sensors 302 deactivate fifteen
seconds after a weight has been removed from toilet seat
300, as sensed by BCG sensor 308. In some further embodi-
ments, PPG sensors 302 deactivate immediately if toilet seat
300 is raised, as sensed by orientation sensor 310.

[0034] FIG. 4 depicts an embodiment with arrays of PPG
sensors 404 and 406 on each side of toilet seat 402. Toilet
seat 402 includes groups 404 and 406 of contiguous PPG
sensors. Due to the contiguity of PPG sensors of groups 404
and 406, PPG sensors may obtain differing PPG measure-
ments which, when combined, may be used to determine
cardiac function of a toilet seat user.

[0035] FIG. 5 depicts a section of a toilet seat having PPG
sensors. Toilet seat 502 includes a group 504 of contiguous
PPG sensors. A method of conditionally combining PPG
measurements is described. The method includes obtaining
PPG measurements from PPG sensors and combining the
PPG measurements into conditional combinations. The con-
ditional combinations are combined dependent on timing
data and signal-to-noise ratios corresponding to each of the
PPG measurements. Combining the PPG measurements
includes averaging timing data corresponding to the PPG
measurements.

[0036] In some embodiments, toilet seat 502 includes
controller 514 which is connected to PPG sensors. When a
PPG measurement is obtained from one of PPG sensors 504,
506, it is read by controller 514. Controller 514 then stores
the PPG measurement in volatile and/or static memory. In
some embodiments, controller 514 may assign timing data
to PPG measurements corresponding to a time the PPG
measurement was received. In some other embodiments,
controller 514 may assign timing data to PPG measurements
corresponding to a time offset from when the PPG measure-
ment was received. In some yet other embodiments, the PPG
sensor corresponding to the PPG measurement assigns tim-
ing data when the PPG measurement is obtained and passes
that timing data to controller 514.

[0037] In some embodiments averaging the timing data
corresponding to the PPG measurements includes determin-
ing an arithmetic mean of the timing data; it may also
include storing the arithmetic mean timing data to be used to
help determine cardiac function of a toilet seat user.
[0038] Depending on signal-to-noise ratios of each PPG
measurement, controller 514 may accept some PPG mea-
surements to be used in averaging timing data corresponding
to the PPG measurements. Depending on signal-to-noise
ratios of each PPG measurement, controller 514 may also
reject some PPG measurements to be used in averaging
timing data corresponding to the PPG measurements. For
example, in some embodiments a first sensor, a second
sensor, a fifth sensor, a sixth sensor, and a ninth sensor of
PPG sensors 504 and 506 have relatively low signal-to-noise
ratios. Controller 514 may reject PPG measurements corre-
sponding to aforementioned sensors and accept all other
PPG measurements with sufficiently high signal-to-noise
ratios.

[0039] In some embodiments, averaging timing data
includes computing a weighted average of the timing data
corresponding to the PPG measurements. The sum of the
products of timing data times and corresponding weight
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coefficients are equal to one. Le. 1=X,_,"(B,), where B, is
an ith weight coeflicient and t, is a corresponding ith timing
data time. The weight coeflicients are determined as func-
tions of corresponding signal-to-noise ratios, relative sensor
placement of PPG sensors 504 and 506, and relative phase
shift of timing data. Each weight coeflicient may vary as a
function of signal-to-noise ratio of its corresponding multi-
plicand time. Each weight coefficient may also vary as a
function of its corresponding sensor placement with respect
to other PPG sensors 504 and 506. Additionally, each
coeflicient may vary as a function of relative phase shift of
its corresponding multiplicand time. Le. B,=f (SNR, x, y,,
1), where SNR is a signal-to-noise ratio of a corresponding
PPG measurement, x and y are coordinates which define
position of a corresponding sensor of PPG sensors 504 and
506, t, is an array of times corresponding to timing data of
a sensor of PPG sensors 504 and 506, and I, is an array of
light intensities corresponding to PPG measurements.

[0040] FIG. 6 depicts a cross-sectional view of a PPG
sensor array in toilet seat 602 with a user’s thigh tissue 624
contacting the top of the PPG sensor array in accordance
with an embodiment of the invention. The sensor array
includes light sources 608 and light detectors 610 forming a
matrix of contiguous PPG sensors on a surface of toilet seat
602. Circuit board 606 has light sources 608 and light
detectors 610 operably connected to a top side of circuit
board 606 and processor/controller’'memory 614, battery
616, transceiver 618, and antenna 622 operably connected to
a bottom side of circuit board 606. The PPG sensor array
may be disposed in a recess such as 620 in toilet seat 602.
Other circuit and wiring arrangements are possible. Cover
glass 612 provides a smooth flat transparent surface for a
user’s thigh 624 to rest on while also providing protection to
the PPG sensor array. Light sources 608 and 610 and circuit
board 606 may be attached to cover glass 612 using glue or
other adhesive material disposed between light sources 608
and light detectors 610. Cover glass 612 and circuit board
606 may be removed as a single module and battery 616 may
be replaced as necessary. This may be accomplished with a
suction cup attached to the top surface of the cover glass and
lifting the PPG module out of recess 620, a push button
releasing the PPG module, or any other know method of
removing modules and replacing batteries. Battery 616 may
be a rechargeable battery. Recharging may occur by non-
contact inductive charger built into a toilet seat lid. Optional
power wires may pass though the toilet seat hinges to a
power source in the toilet or remote to the toilet and the
batteries of the PPG array may be optional.

[0041] The PPG sensor array shown is a wireless, self-
contained, PPG measurement system which communicates
wirelessly with one or more user devices, computers, serv-
ers, and/or databases. Antenna 622 and transceiver 618 may
work on one or more frequencies including Bluetooth, WiF1,
SureFi, Zigbee, GSM, or other known home automation
protocols and frequencies. Controller 614 may include
memory, one or more processors, A/D and D/A converters,
and programming necessary to obtain and provide PPG
sensor array measurements to remote devices and users.

[0042] As a user’s thigh 624 contacts toilet seat 602,
weight sensors in toilet seat 602 may trigger a signal to be
sent to antenna 622 waking up circuit 606. Light sources 608
may then transmit light toward thigh tissue 624. As a user’s
heart beats, arterioles 604 in the subcutaneous tissue distend
and change color the of the surrounding tissue due to

Apr. 5,2018

profusion of blood in the capillaries. Arterioles 604 and
capillaries may be closer to some of the light sources 608
and farther from other light sources 608. As light is reflected
back to light sensors 610, some of the sensors will obtain
changing intensity information related to the cardiac cycle of
the toilet user. A processor and memory in controller 614
obtain data from light sensors 610 and look for data which
can be grouped together based on timing of the data,
intensity of the data, and changes in the data over a prede-
termined time petriod. The predetermined time period may
be obtained from a BCG reading of the user, a bio-imped-
ance reading of the user, or from one or more sensors of the
PPG array. The predetermined time period may be associ-
ated with a heartbeat of the toilet user. When controller 614
determines which sensors are receiving valid data, light
sources associated with invalid data sensors may be turned
off or intensities of the light sources may be varied to try to
achieve valid data. For instance, if a light sensor 610 is not
receiving data associated with a cardiac cycle of the toilet
user then the intensity of adjacent light sources may be
increased, decreased, or turned off to try to obtain valid data
and/or increase sighal-to-noise ratios of nearby light sensors
610 of the matrix array.

[0043] FIG. 7 depicts an embodiment with bio-impedance
electrodes on a toilet seat. Toilet seat 702 includes PPG
sensors 706 and bio-impedance electrodes 716. A method of
conditionally combining PPG measurements is described.
The method includes obtaining PPG measurements from
PPG sensors 706 and obtaining bio-impedance measure-
ments from bio-impedance electrodes 716. In some embodi-
ments, the bio-impedance measurements may be used in
determining heart beats of a toilet seat user. PPG measure-
ments may be compared to bio-impedance measurements in
order to determine pulse arrival times or pulse transit times.
PPG sensors may be filtered or conditionally combined
based on a timing pattern obtained from bio-impedance
measurements.

[0044] 1In FIG. 7, a user 708 is sitting on a PPG sensor
array. PPG sensors 706 are contacting a thigh of user 708
and PPG sensor 704 are exposed. Exposed sensors 704 may
be combined into a conditional combination based on none
changing intensity received by the light sensors associated
with PPG sensors 704. Light sources associated with uncov-
ered sensors 704 may be turned off in a fraction of a second
after being turned on due to a determination of uncovered
Sensors.

[0045] The method further includes combining the PPG
measurements into conditional combinations, and using the
conditional combinations and the bio-impedance measure-
ments to determine cardiac function of a toilet seat user. The
cardiac function to be determined may include blood-oxy-
gen saturation levels, systolic and diastolic pressures, fre-
quency of premature ventricular contraction, heart beat rate,
pulse transit time, pulse arrival time, pulse wave velocity,
systolic amplitude, pulse width, pulse area, and arterial
stiffness index. The cardiac function to be determined may
additionally include comparisons and changes of blood-
oxygen saturation levels, systolic and diastolic pressures,
frequency of premature ventricular contraction, heart beat
rate, pulse transit time, pulse arrival time, pulse wave
velocity, systolic amplitude, pulse width, pulse area, and
arterial stiffness index.

[0046] Some PPG sensors may measure a high intensity
which does not change over time proportional to a heartbeat
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or blood flow, have a low signal-to-noise ratio, or have a
high or low intensity value which does not change overtime
proportional to a heartbeat or blood flow. Direct reflections
from a source light caused by skin surface topology, lotions,
tattoos, or inclusions or protrusions on the skins surface may
add to noise and keep blood profusion light scattering from
modulating light detectors in some of the PPG sensors. Such
sensors may be grouped together. Other sensors may have a
low or high intensity which does not change due to ambient
light conditions or lack of light transmitted back the light
detectors in the PPG sensors, these may be grouped in
another group. Sensors with data representative of a user’s
heart beat may be grouped in another group. Sensor in a
group may be further filtered based on intensity levels of
signals and timing of signals. One or more signals repre-
sentative of a user’s heart beat may be chosen as a usable
PPG signal or averaged with another signal to form a usable
PPG signal. Sensors with low or high intensity levels which
do not change relative to a user’s heart beat may have light
sources turned off to reduce noise to other sensors with
usable signals. Sensors not touching skin of a user may also
have light sources turned off.

[0047] FIG. 8 depicts an embodiment with hundreds of
light sources 806 and hundreds of light detectors 804. PPG
array 808 includes light sources 806 and light detectors 8§04.
A method of conditionally combining PPG measurements is
described. The method includes obtaining PPG measure-
ments from the PPG sensors and combining the PPG mea-
surements into conditional combinations. In some embodi-
ments, optical light sources 806 are combined in groups of
lesser numbers than that of all of light sources 806. A
processor coupled to light sources 806 and 808 may turn of
light sources not need or producing unusable data and
manipulate other light sources to obtain the best data pos-
sible. For instance, a processor may selectively increase or
decrease light intensity and/or light patterns of covered light
sources to obtain high quality PPG data. If an observer were
to watch the PPG measurement process, he or she may
observe lots of blinking LEDs or laser LEDs until the best
usable signal was obtained. Light sensors 804 may also be
used or not used based on data and processor grouping of
data. Select sensors §04 may be combined in a region or area
to form a single large area light sensor for data processing
purposes. A processor may determine which of the light
sensors are receiving usable data and combine these sensors
in a large sensor by averaging the data received at these
sensors into one larger sensor. Each group of optical sensors
804 may have their measurements passively or actively
combined. For example, in some embodiments, for each of
the groups, optical sensors 804 are simultaneously obtaining
PPG measurements corresponding to one PPG sensor per
group. In this way, combining the PPG measurements into
conditional combinations may take place as a passive step in
the method described above. Light sensors 804 and light
sources 806 may be formed into geographic combinations
and/or combinations based on received light sensor data.
Additionally, in some further embodiments, after the passive
step aforementioned, the method includes actively combin-
ing the PPG measurements into conditional combinations by
way of a controller. In such embodiments, the method may
include using the conditional combinations to determine
cardiac function of a toilet seat user. Conditional combina-
tions may be formed based on data received by each optical
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sensor 804 and/or by additional data received by BCG
and/or bio-impedance readings.

[0048] Some PPG sensors may measure a high intensity
which does not change over time proportional to a heartbeat
or blood flow, have a low signal-to-noise ratio, or have a
high or low intensity value which does not change overtime
proportional to a heartbeat or blood flow. Direct reflections
from a source light caused by skin surface topology, lotions,
tattoos, or inclusions or protrusions on the skins surface may
add to noise and keep blood profusion light scattering from
modulating light detectors in some of the PPG sensors. Such
sensors may be grouped together. Other sensors may have a
low or high intensity which does not change due to ambient
light conditions or lack of light transmitted back the light
detectors in the PPG sensors, these may be grouped in
another group. Sensors with data representative of a user’s
heart beat may be grouped in another group. Sensor in a
group may be further filtered based on intensity levels of
signals and timing of signals. One or more signals repre-
sentative of a user’s heart beat may be chosen as a usable
PPG signal or averaged with another signal to form a usable
PPG signal. Sensors with low or high intensity levels which
do not change relative to a user’s heart beat may have light
sources turned off to reduce noise to other sensors with
usable signals. Sensors not touching skin of a user may also
have light sources turned off.

[0049] FIG. 9 depicts an embodiment with user covered
PPG sensor arrays 906 and uncovered PPG sensor arrays
902. User 906 may be a child or small adult with a relatively
small toilet seat footprint. A method of conditionally com-
bining PPG measurements is described. The method
includes obtaining PPG measurements from the PPG arrays
906 and combining the PPG measurements into conditional
combinations based on data received from each PPG sensor
of the PPG arrays. A processor coupled to PPG arrays 902
may turn of light sources not covered by user 904. A
processor may selectively increase or decrease light inten-
sity and/or light patterns of covered light sources in PPG
arrays 906 to obtain high quality PPG data. If an observer
were to watch the PPG measurement process, he or she may
observe lots of blinking LEDs or laser LEDs until the best
usable signal was obtained. Select PPG array sensors may be
combined in a region or area to form a single large area light
sensor for data processing purposes. A processor may deter-
mine which of the light sensors are receiving usable data and
combine these sensors in a large sensor by averaging the
data received at these sensors into one larger sensor. Each
group of optical sensors in PPG array 906 may have their
measurements passively or actively combined. Light sensors
and light sources of PPG array 906 may be formed into
geographic combinations and/or combinations based on
received light sensor data. Additionally, in some further
embodiments, after the passive step aforementioned, the
method includes actively combining the PPG measurements
into conditional combinations by way of a controller. In such
embodiments, the method may include using the conditional
combinations to determine cardiac function of a toilet seat
user. Conditional combinations may be formed based on
data received by each optical sensor in PPG array 906 and/or
by additional data received by BCG and/or bio-impedance
readings.

[0050] Some PPG sensors may measure a high intensity
which does not change over time proportional to a heartbeat
or blood flow, have a low signal-to-noise ratio, or have a
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high or low intensity value which does not change overtime
proportional to a heartbeat or blood flow. Direct reflections
from a source light caused by skin surface topology, lotions,
tattoos, or inclusions or protrusions on the skins surface may
add to noise and keep blood profusion light scattering from
modulating light detectors in some of the PPG sensors. Such
sensors may be grouped together. Other sensors may have a
low or high intensity which does not change due to ambient
light conditions or lack of light transmitted back the light
detectors in the PPG sensors, these may be grouped in
another group. Sensors with data representative of a user’s
heart beat may be grouped in another group. Sensor in a
group may be further filtered based on intensity levels of
signals and timing of signals. One or more signals repre-
sentative of a user’s heart beat may be chosen as a usable
PPG signal or averaged with another signal to form a usable
PPG signal. Sensors with low or high intensity levels which
do not change relative to a user’s heart beat may have light
sources turned off to reduce noise to other sensors with
usable signals. Sensors not touching skin of a user may also
have light sources turned off.

[0051] FIG. 10 depicts an embodiment with user covered
PPG sensor arrays 1010 and uncovered PPG sensor arrays
1012. User 1008 may be a large adult with a relatively large
toilet seat footprint. A method of conditionally combining
PPG measurements is described. The method includes
obtaining PPG measurements from the PPG arrays 1010 and
combining the PPG measurements into conditional combi-
nations based on data received from each PPG sensor of the
PPG arrays. A processor coupled to PPG arrays 1012 may
turn of light sources not covered by user 1008. A processor
may selectively increase or decrease light intensity and/or
light patterns of covered light sources in PPG arrays 1010 to
obtain high quality PPG data. If an observer were to watch
the PPG measurement process, he or she may observe lots
of blinking LEDs or laser LEDs until the best usable signal
was obtained. Select PPG array sensors may be combined in
a region or area to form a single large area light sensor for
data processing purposes. A processor may determine which
of the light sensors are receiving usable data and combine
these sensors in a large sensor by averaging the data received
at these sensors into one larger sensor. Each group of optical
sensors in PPG array 1010 may have their measurements
passively or actively combined. Light sensors and light
sources of PPG array 1010 may be formed into geographic
combinations and/or combinations based on received light
sensor data. Additionally, in some further embodiments,
after the passive step aforementioned, the method includes
actively combining the PPG measurements into conditional
combinations by way of a controller. In such embodiments,
the method may include using the conditional combinations
to determine cardiac function of a toilet seat user. Condi-
tional combinations may be formed based on data received
by each optical sensor in PPG array 906 and/or by additional
data received by BCG and/or bio-impedance readings.

[0052] Some PPG sensors may measure a high intensity
which does not change over time proportional to a heartbeat
or blood flow, have a low signal-to-noise ratio, or have a
high or low intensity value which does not change overtime
proportional to a heartbeat or blood flow. Direct reflections
from a source light caused by skin surface topology, lotions,
tattoos, or inclusions or protrusions on the skins surface may
add to noise and keep blood profusion light scattering from
modulating light detectors in some of the PPG sensors. Such
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sensors may be grouped together. Other sensors may have a
low or high intensity which does not change due to ambient
light conditions or lack of light transmitted back the light
detectors in the PPG sensors, these may be grouped in
another group. Sensors with data representative of a user’s
heart beat may be grouped in another group. Sensor in a
group may be further filtered based on intensity levels of
signals and timing of signals. One or more signals repre-
sentative of a user’s heart beat may be chosen as a usable
PPG signal or averaged with another signal to form a usable
PPG signal. Sensors with low or high intensity levels which
do not change relative to a user’s heart beat may have light
sources turned off to reduce noise to other sensors with
usable signals. Sensors not touching skin of a user may also
have light sources turned off.
[0053] The systems and methods disclosed herein may be
embodied in other specific forms without departing from
their spirit or essential characteristics. The described
embodiments are to be considered in all respects only as
illustrative and not restrictive. The scope of the invention is,
therefore, indicated by the appended claims rather than by
the foregoing description. All changes which come within
the meaning and range of equivalency of the claims are to be
embraced within their scope.
1. A method of conditionally combining photoplethys-
mography (PPG) measurements comprising:
obtaining PPG measurements from a group of contiguous
PPG sensors located on a toilet seat;

combining the PPG measurements into one or more
conditional combinations based on timing data or sig-
nal-to-noise ratio data corresponding to each of the
PPG measurements; and

using the one or more conditional combinations to deter-

mine a cardiac function of a toilet user.

2. The method of claim 1, further comprising averaging
the one or more conditional combinations to determine the
cardiac function of the toilet user.

3. The method of claim 1, wherein one or more of the one
or more conditional combinations are determined at least
partially based on an intensity level of received light at the
PPG sensors.

4. The method of claim 1, wherein one or more of the one
or more conditional combinations are determined at least
partially based on an intensity level change of received light
at the PPG sensors over a predetermined time interval.

5. The method of claim 4, further comprising obtaining
ballistocardiography (BCG) measurements from a BCG
sensor located in the toilet seat.

6. The method of claim 5, wherein the timing data
includes timing data associated with the BCG measure-
ments.

7. The method of claim 5, wherein the predetermined time
interval is obtained using the BCG measurements.

8. The method of claim 5, wherein obtaining BCG mea-
surements comprises measuring a changing weight of the
toilet user over time with the one or more force sensors.

9. The method of claim 1, wherein the group of contigu-
ous PPG sensors is arranged in a two-dimensional array.

10. The method of claim 1, wherein the contiguous PPG
sensors comprise photodiode devices, charge-coupled
devices (CCDs), active-pixel sensors, or complementary
metal-oxide-semiconductor (CMOS) sensors.

11. The method of claim 1, wherein the contiguous PPG
sensors comprise light emitting diodes or laser diodes.
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12. The method of claim 1, wherein the contiguous PPG
sensors comprise both light transmitters and light receivers.

13. The method of claim 1, wherein combining the PPG
measurements comprises selectively averaging two or more
of the PPG measurements.

14. The method of claim 13, wherein the two or more of
the PPG measurements are selected based on a signal-to-
noise threshold ratio threshold and a data timing threshold.

15. The method of claim 1, wherein the one or more
conditional combinations is determined by choosing a con-
ditional combination of the one or more conditional com-
binations which has a first arrival in time.

16. The method of claim 1, wherein the cardiac function
comprises blood oxygen level, heart rate, blood pressure,
blood flow rate, pulse transit time, or a combination thereof.

17. The method of claim 1, further comprising obtaining
bio-impedance measurements from bio-impedance elec-
trodes on the toilet seat.

18. The method of claim 17, wherein the timing data
includes timing data associated with the bio-impedance
measurements.

19. The method of claim 1, wherein the toilet seat further
comprises optical fibers.

20. The method of claim 19, wherein the optical fibers
connect to a plurality of light emitting diodes and at least one
optical detector.
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