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HEART RATE MONITOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a U.S. Continuation
application which claims priority benefit under 35 U.S.C.
§120 of co-pending International Patent Application No.
PCT/US2015/060209, entitled “HEART RATE MONI-
TOR,” filed Nov. 11, 2015 (docket number 3012-008-04),
co-pending at the time of filing; which application claims
priority benefit from U.S. Provisional Patent Application
No. 62/078,012, entitled “HEART RATE MONITOR WITH
MOTION-SENSING,” filed Nov. 11, 2014 (docket number
3012-008-02), and from U.S. Provisional Patent Application
No. 62/078,387, entitled “MAGNETIC TRANSDUCER
AND SYSTEM FOR DETECTING A PULSE,” filed Nov.
11, 2014 (docket number 3012-009-02); each of which, to
the extent not inconsistent with the disclosure herein, is
incorporated herein by reference.

BACKGROUND

[0002] Heart rate monitors are used by fitness-tracking
applications to assess user fitness and activity level, and to
provide real time feedback to the user regarding exercise
intensity. Heretofore, many consumer-level heart rate moni-
tors for use with fitness-tracking applications have required
separate mounting of the heart rate monitor near the user’s
sternum (which can be uncomfortable) and/or have used
optical pulse measurement apparatuses characterized by
relatively high power consumption and by inaccuracies
associated with motion of the user

[0003] What is needed is a pulse or heart rate monitor that
is convenient and comfortable, which requires lower power
to operate, and is accurate during exercise.

SUMMARY

[0004] According to an embodiment, a heart rate monitor
includes at least one magnet disposed adjacent to a user’s
artery subject to pulse movement, the magnet being subject
to movement responsive to the arterial pulse movement. A
magnetometer is configured to be exposed to a magnetic
field produced by the at least one magnet and to measure
variations in the magnetic field corresponding to the move-
ment of the magnet responsive to the arterial pulse move-
ment. A sensing circuit is operatively coupled to the mag-
netometer and configured to infer a heart rate corresponding
to the sensed variations in the magnetic field.

[0005] According to an embodiment, a heart rate monitor
includes a flexible membrane configured to be held adjacent
to a user’s skin at a location corresponding to an artery
subject to pulse movement and at least one magnet having
a magnetic axis, the magnet being disposed on the flexible
membrane and being configured to physically tilt responsive
to the pulse movement, whereby the magnetic axis tilts. A
magnetometer is configured to measure a magnetic field
produced by the at least one magnet, the magnetometer
having a magnetic field measurement axis along which the
magnetic axis tilt causes a change in measured magnetic
field strength.

[0006] According to another embodiment, a heart rate
monitor includes a flexible membrane configured to be held
adjacent to a user’s skin at a location corresponding to an
artery subject to pulse movement, at least one magnet
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disposed on the flexible membrane and configured to move
responsive to the pulse movement, and a magnetometer
configured to measure variations in a magnetic field from the
at least one magnet responsive to the pulse movement. A
motion sensor can be configured to detect movement of the
human. A microcontroller operatively coupled to the mag-
netometer and the motion sensor can include a non-transi-
tory computer-readable medium carrying microcontroller
instructions configured to cause the microcontroller to
receive data or a signal from the magnetometer, receive
detected movement information from the motion sensor,
filter the data or signal from the first magnetometer respon-
sive to the detected movement, and output heart rate data
corresponding to the filtered data or signal from the first
magnetometer.

[0007] According to embodiments, the motion sensor can
also provide user motion data to fitness and health tracking
applications, devices, and/or systems. In a particular
embodiment, a sensor device outputs motion data and heart
rate data to a fitness or health tracking application. The
fitness or health tracking application is embodied as a
non-transitory computer readable medium carrying com-
puter instructions that cause the application to correlate a
sequence of motion data to a corresponding sequence of
heart rate data. The application can perform logical opera-
tions, for example using Bayesian logic, on the correlated
data to determine a probability of a user having a fitness
corresponding to any of a plurality of levels; and display the
most probable fitness level to the user.

[0008] According to an embodiment, a method for detect-
ing a heart rate includes supporting a magnet adjacent to the
skin of a person, receiving a periodic physical impulse with
the magnet responsive to arterial movement during systole
and diastole, and undergoing a periodic tilting motion of the
magnet responsive to the periodic physical impulse corre-
sponding to systole and diastole. A magnetometer detects a
periodic change in the strength of the magnetic field pro-
duced by the magnet along an axis parallel to the person’s
skin and outputs a magnetometer signal or magnetometer
data corresponding to a periodicity of the detected periodic
change in the strength of the magnetic field. The output
signal or data includes a component corresponding to a heart
rate of the person.

[0009] According to an embodiment, a method for track-
ing the heart rate of a person includes flexibly supporting a
magnet adjacent to a pulse detection location of a person,
undergoing, with the magnet, movement responsive to pulse
movement of the person, and operating a magnetometer to
detect periodic changes in magnetic field strength from the
magnet, the periodic changes in magnetic field strength
corresponding to the movement of the magnet and the pulse
movement of the person. A microcontroller receives the
magnetometer data including the periodic changes in mag-
netic field strength from the magnet and transforms the
magnetometer data to produce frequency data. The micro-
controller receives motion data corresponding to movement
of the person from a motion detector. The microcontroller
uses the motion data to filter the frequency data to select a
frequency most likely to correspond to a pulse rate of the
person.

[0010] According to an embodiment, a pulse sensor
includes a flexible substrate configured for support against a
human skin surface, a plurality of aligned magnetic dipoles
supported by the flexible substrate, a magnetic sensor con-
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figured to detect magnetic fields emitted by the plurality of
magnetic dipoles, and an analysis circuit operatively
coupled to the magnetic sensor. According to an embodi-
ment, the flexible substrate can include a gel material. The
magnetic dipoles can be suspended in the gel. In an embodi-
ment, the magnetic dipoles can be formed from magnetic
nano-beads, or alternatively from crushed or otherwise
finely divided portions of a poled permanent magnet. In an
embodiment, high coercivity magnetic dipoles can be mag-
netically aligned during manufacture and locked into align-
ment by cross-linking or otherwise fixing relative alignment
of the magnetic dipoles. In another embodiment, high coet-
civity magnetic dipoles can be held in alignment during use
by a magnet configured to pass a magnetic field through the
magnetic dipoles.

[0011] In another embodiment, the magnetic dipoles can
be formed from a low coercivity material. The low coerci-
vity particles can be induced to be aligned magnetic dipoles
by a magnet configured to pass a magnetic field through the
low coercivity particles.

[0012] According to an embodiment, a method for detect-
ing a human pulse includes supporting a flexible substrate
carrying aligned magnetic dipoles against a human skin
surface subject to motion caused by a human pulse, sensing
a time sequence of magnetic field data including a compo-
nent corresponding to the aligned magnetic dipoles subject
to motion caused by the human pulse, and transforming the
magnetic field data to heartbeat data corresponding to the
sensed human pulse.

[0013] According to an embodiment, the method can
include mechanically maintaining alignment of the magnetic
dipoles. According to another embodiment, the method can
include applying a magnetic field to the magnetic dipoles to
hold the magnetic dipoles in alignment. According to
another embodiment, the magnetic dipoles can be formed as
low coercivity particles, and the method can include apply-
ing a magnetic field to the low coercivity particles to cause
the low coercivity particles to be magnetized in alignment
with the magpetic field, thereby becoming aligned magnetic
dipoles.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Non-limiting embodiments of the present disclo-
sure are described by way of example with reference to the
accompanying figures, which are schematic and are not
intended to be drawn to scale. Unless indicated as repre-
senting the background art, the figures represent aspects of
the disclosure.

[0015] FIG. 1 is a diagram of a heart rate monitor, accord-
ing to an embodiment.

[0016] FIG.2A s a diagram of a heart rate monitor during
a diastolic portion of a user’s heartbeat, according to an
embodiment.

[0017] FIG. 2B is a diagram of a portion of the heart rate
monitor of FIG. 1A during a systolic portion of the user’s
heartbeat, according to an embodiment.

[0018] FIG. 3 is a flow chart of a method for detecting a
heart rate, according to an embodiment.

[0019] FIG. 4 is a flow chart of a method for tracking the
heart rate of a person, according to an embodiment.
[0020] FIG. 5A is a perspective view of a pulse sensor
configured as a wristband, according to an embodiment.
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[0021] FIG. 5B is a sectional view and partial sectional
views of the pulse sensor 100 of FIG. 5A, according to an
embodiment.

[0022] FIG. 6 is a flowchart showing a method for detect-
ing a human pulse, according to an embodiment.

[0023] FIG. 7 is a view of a magnetic sensor used in an
experiment reported in the Examples section, according to
an embodiment.

[0024] FIG. 8 is a plot of heartbeat data from the experi-
ment described in the Examples section, according to an
embodiment.

[0025] FIG. 9 is a second plot of heartbeat data from a
second experimental run from the experiment described in
the Examples section, according to an embodiment.

DETAILED DESCRIPTION

[0026] In the following detailed description, reference is
made to the accompanying drawings, which form a part
hereof. In the drawings, which are not to scale or to
proportion, similar symbols typically identify similar com-
ponents, unless context dictates otherwise. The illustrative
embodiments described in the detailed description, drawings
and claims, are not meant to be limiting. Other embodiments
may be used and/or other changes may be made without
departing from the spirit or scope of the present disclosure.
[0027] The terms “heart rate” and “pulse rate” are used
interchangeably herein.

[0028] FIG. 1 is a diagram of a heart rate monitor 100,
according to an embodiment. The heart rate monitor 100
includes at least one magnet 102 disposed adjacent to a
user’s artery 104 subject to pulse movement, the magnet
being subject to movement responsive to the arterial pulse
movement. The user’s tissue 106 provides compressive and
tensile strength 108, and itself conveys motion responsive to
the arterial pulsations 104, 104". The tissue 106 thus conveys
motion between locations 102, 102' occupied by the magnet
102. The orientation of the poles of the magnet(s) 102 can
be oriented according to various axes as described in respec-
tive embodiments below.

[0029] A magnetometer 110 is positioned within a mag-
netic field produced by the at least one magnet 102 and is
configured to measure variations in the magnetic field cor-
responding to the movement of the magnet responsive to the
arterial pulse movement. A sensing circuit 112 is operatively
coupled to the magnetometer 110 and configured to infer a
heart rate corresponding to the sensed variations in the
magnetic field. For example, the sensing circuit 112 may be
physically coupled to the magnetometer 110.

[0030] Alternatively, at least a portion of the sensing
circuit can be operatively coupled to the magnetometer 110
via a radio interface. For example, the heart rate monitor 100
can include a first radio communication circuit configured to
output data corresponding to a signal from the magnetom-
eter 110 via a radio signal, a second radio communication
circuit configured to receive the data from the first radio
communication circuit via the radio signal, and a data
logging circuit operatively coupled to the second radio
circuit. In this arrangement, for example, a portion of the
sensing circuit 112 including an analog-to-digital converter
can receive analog input from the magnetometer 110, and
convert the analog signal to a digital value that is then output
via the first and second radio circuits to another portion of
the sensing circuit 112.
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[0031] Inanembodiment, a flexible membrane 114 can be
configured to be held adjacent to the user’s skin at a location
corresponding to the artery 104 subject to pulse movement
and the at least one magnet 102 can be disposed on the
flexible membrane 114. Optionally, a pressure sensitive
adhesive coating 116 can be disposed on the flexible mem-
brane 114 to hold the flexible membrane 114 adjacent to the
user’s skin. In another embodiment, a housing 118 can be
configured to support the flexible membrane 114 against the
user’s skin. In another embodiment, the at least one magnet
is subcutaneously embedded within the user’s tissue 106 at
a location near the artery 104.

[0032] FIG. 2A is a diagram of a heart rate monitor 200
during a diastolic portion of a user’s heartbeat, according to
an embodiment. FIG. 2B is a diagram 201 of a portion of the
heart rate monitor 200 of FIG. 2A during a systolic portion
of the user’s heartbeat, according to an embodiment. Refer-
ring to FIGS. 2A and 2B, the heart rate monitor 200 can
include a flexible membrane 114 configured to be held
adjacent to a user’s skin 202 at a location corresponding to
an artery 104 subject to pulse movement. At least one
magnet 102 having a magnetic axis 204 is disposed on the
flexible membrane 114. By supporting the flexible mem-
brane 114 and the at least one magnet 102 against the user’s
skin 202 over the artery 104, the at least one magnet 102 can
be configured to physically tilt responsive to the pulse
movement, whereby the magnetic axis 204 tilts. FIG. 2A
shows a diastolic portion of the heartbeat when the artery
104 is contracted. The magnet(s) 102 tend to lie in plane
with the user’s skin 202. FIG. 2B shows a systolic portion
of the heartbeat when the artery 104 expands under systolic
pumping pressure from the heart. As can be seen, the
magnet(s) 102 and corresponding magnetic axis 204 (axes)
is (are) tilted up responsive to the pulse movement.

[0033] As used herein, the term magnetic axis 204 is
defined relative to a magnet 102; that includes a north pole
(indicated as N) and a south pole (indicated as S); such that
the magnetic axis 204 is a line intersecting both the north
pole and the south pole of the magnet 102.

[0034] The magnetometer 110 is configured to measure a
magnetic field produced by the at least one magnet 102, the
magnetometer 110 having a magnetic field measurement
axis 206 along which the magnetic axis 204 tilt causes a
change in measured magnetic field strength. The detected
magnetic field strength varies according to the tilt angle of
the magnetic axis 204 relative to to the measurement axis
206. A periodicity corresponding to the detected magnetic
field strength corresponds to the systolic-diastolic rhythm,
and thus serves as a measurement of heart rate.

[0035] Moreover, it can be appreciated that the difference
between magnet(s) angles, expressed as a difference in
maximum and minimum detected magnetic field strength,
can be proportional to a difference between systolic and
diastolic blood pressure, which can, it is contemplated, be
related to gauge blood pressure of the user.

[0036] The arrangement depicted in FIGS. 2A and 2B can
be especially useful for cases where the magnetometer 110
either does not have the ability to measure changes in
magnetic field strength in the z-axis normal to the skin 202
of the user; or where the signal to noise ratio, sensitivity, or
accuracy of z-axis measurement is inferior to measurements
taken along the x-axis, which is nominally parallel to the
magnetic axis (axes) 204 of the magnet(s) 102. This aspect
can be leveraged to minimize or reduce z-axis height of the
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magnetometer 110 and/or to minimize or reduce z-axis
height of the housing 118 (such as a portion of a smart watch
band) that forms a portion of the heart rate monitor 200.
[0037] Insome embodiments, the magnetic field measure-
ment axis 206 can be selected to be momentarily parallel to
the plane of the magnetic axis 204 of the at least one magnet
102 during a pulse period. This can occur once per period if
the magnetic axis 204 is parallel to the measurement axis
206 either at diastole or at systole; or it can occur twice per
period if the magnetic axis 204 is momentarily parallel to the
magnetic field measurement axis 206 at a point other than
maximum or minimum angular displacement (e.g., at a point
in the period other than diastole or systole). In other embodi-
ments (e.g., if the magnet 102 is at a different angular
position along a curved skin surface from the magnetometer
110), the magnetic axis 204 is never parallel to the magnetic
field measurement axis 206 during heart rate measurement.
Nevertheless, the measured magnetic field strength along the
magnetic field measurement axis 206 will vary during the
pulse period if the magnet(s) 102 is supported sufficiently
close to the artery 104 that the magnet 102 tilts responsive
to pulse.

[0038] As illustrated in FIGS. 2A, 2B, and 3, the at least
one magnet 102 can include a plurality of magnets 1024,
1025 disposed to cause at least two of the plurality of
magnets 102a, 1025 to physically tilt responsive to the pulse
movement of the artery 104 and the skin 202. In some
embodiments, there may be precisely two magnets 102aq,
1025 that are configured to align with the pulse point when
the user dons the apparatus 200. In other embodiments, there
may be three, four, or a large plurality of magnets 1024,
1025 located along the flexible membrane 114, such that a
gap between two of the magnets 1024, 1025 will span the
pulse measurement position over the artery 104. This can be
used, for example, to improve tolerance for rotational dis-
placement of the apparatus 200 around the user’s wrist,
improve tolerance to physical morphology differences
between users, and/or allow for a loser fit of the flexible
membrane 114,

[0039] Referring especially to FIG. 2A, the heart rate
monitor 200 can include a microcontroller 208 operatively
coupled to the magnetometer 110. The housing 118 can be
configured to support the magnetometer 110 and configured
to urge the flexible membrane 114 against the user’s skin
202. The housing 118 can include a magnetically transparent
housing portion 210 selected to pass the magnetic field
produced by the magnet(s) 102 to the magnetometer 110.
For example, the magnetically transparent housing portion
210 can be formed from a non-ferromagnetic material such
as a plastic or aluminum. Additionally or alternatively, the
housing 118 can be configured to support the magnetometer
110 between the housing 118 and the magnet 102 (configu-
ration not shown). In this configuration, it can still be
preferable for the housing 118 to be non-ferromagnetic in
order to avoid distorting magnetic field lines from the
magnet(s) 102.

[0040] The heart rate monitor 200 can further include a
battery 212 contained within the housing 118 and configured
to provide sufficient power to maintain function of the pulse
sensor 200 for at least 24 hours. In some embodiments, the
microcontroller 208 can go to sleep and receive motion
and/or heart rate data responsive to a predetermined interval.
When motion and/or heart rate is relatively constant or has
a low value, the microcontroller 208 can be programmed to
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go back to sleep. When motion and/or heart rate data has
changed since a previous sample, the microcontroller 208
can be programmed to wake up and track heart rate and
motion, and output data corresponding to heart rate and
motion. When motion decreases and heart rate drops, the
microcontroller 208 can be programmed to go back to sleep.
The combination of a low power microcontroller and the
inherently low power consumption of the magnetometer 110
used for heart rate detection can enable the battery 212 to
provide sufficient power to maintain function of the pulse
sensor 200 for at least one week. This is possible with
current battery technology owing to the very low power
consumption of the magnetometer 110 compared to an
optical pulse sensor.

[0041] The heart rate monitor 200 can further include a
motion sensor 214 operatively coupled to the microcon-
troller 208. For example, the motion sensor 214 can include
an accelerometer or a second magnetometer configured to
sense an ambient magnetic field that is substantially station-
ary relative to movements of the user. In the “second
magnetometer” embodiment, movement of the user through
the earth’s magnetic field and/or other ambient magnetic
fields is sensed. In the second magnetometer embodiment,
the heart rate monitor 200 can further include a magnetic
shield 216 configured to shield the second magnetometer
214 from changes in magnetic field strength corresponding
to movement of the magnet 102.

[0042] In another embodiment the motion sensor 214 can
be integral with the magnetometer 110 and can consist
essentially of a magnetometer axis (e.g., along the y-axis
into the plane of the drawing, FIGS. 2A and 2B) that is
transverse to the magnetic axis 204. This approach results in
partial confounding of movement with the pulse motion of
the magnet(s) 102, but can be useful for parts reduction. In
another embodiment, the motion sensor 214 can be integral
with the magnetometer 110, and the motion sensor can
consist essentially of an accelerometer.

[0043] The heart rate monitor 200 can further include a
non-transitory computer-readable medium 218 contained
within the microcontroller 208 or separate from the micro-
controller and operatively coupled to the microcontroller
208. In an embodiment, the non-transitory computer-read-
able medium 218 carries microcontroller instructions con-
figured to cause the microcontroller 208 to receive data or a
signal from the magnetometer 110, receive detected move-
ment information from the motion sensor 214, and filter the
data or signal from the first magnetometer responsive to the
detected movement.

[0044] The filtering is described more fully in conjunction
with FIG. 3 below.

[0045] The heart rate monitor 200 can further include an
electronic display 220 operatively coupled to the microcon-
troller 208. The microcontroller 208 can be configured to
calculate a most likely pulse rate and to cause the electronic
display 220 to display the most likely pulse rate.

[0046] The heart rate monitor 200 can further include a
radio 222 operatively coupled to or contained at least
partially within the microcontroller 208. The microcon-
troller 208 can be configured to calculate a most likely pulse
rate and to cause the radio 222 to transmit the most likely
pulse rate, for example to a smart phone (not shown) running
a fitness application that tracks the pulse rate.

[0047] Still referring to FIGS. 2A and 2B, according to an
embodiment, the heart rate monitor 200 includes a flexible
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membrane 114 configured to be held adjacent to a user’s skin
202 at a location corresponding to an artery 104 subject to
pulse movement, at least one magnet 102 disposed on the
flexible membrane 114 and configured to move responsive
to the pulse movement, and a magnetometer 110 configured
to measure variations in a magnetic field from the at least
one magnet responsive to the pulse movement.

[0048] Other embodiments include positioning the mag-
netic axis 204 in a different orientation relative to the user’s
skin surface 202, than what is depicted in FIGS. 2A and 2B.
For example, the magnet(s) 102 can be disposed to have a
vertical magnetic axis, such that magnetic axis 204 is
substantially normal transverse to the user’s skin surface 202
(e.g. up to substantially perpendicular to the user’s skin
surface 202), and the magnetometer 110 can be configured
to have a measurement axis 206 that measures variations in
magnetic field strength along a vertical axis substantially
parallel to the magnetic axis. Although advantages corre-
sponding to overcoming z-axis precision, signal-to-noise, or
size may be lost, such a (normal) alignment of magnetic axis
and magnetic measurement axis was found by the inventors
to work.

[0049] The motion sensor 214 is configured to detect
movement of the human. The inventors have found that
detected movement can provide data for inferring a change
in heart rate. For example, an increased amount of move-
ment may typically correspond to an increase in heart rate,
and conversely a decreased amount of movement may
typically correspond to a decrease in heart rate. The predic-
tive nature of movement can be used to select from between
several frequency candidates in successive signals from the
magnetometer 110, any of which may correspond to the true
heart rate.

[0050] The microcontroller 208 operatively coupled to the
magnetometer 110 and the motion sensor 214 can include
the non-transitory computer-readable medium 218 carrying
microcontroller instructions. The instructions can be
selected to cause the microcontroller 208 to receive data or
a signal from the magnetometer 110, receive detected move-
ment information from the motion sensor 214, filter the data
or signal from the first magnetometer responsive to the
detected movement, and output heart rate data correspond-
ing to the filtered data or signal from the first magnetometer
110.

[0051] The approach to filtering is described in greater
detail below.
[0052] FIG. 3 is a flow chart of a method 300 for detecting

a heart rate, according to an embodiment. According to the
method 300, a magnet is supported adjacent to the skin of a
user in step 302. In step 304, a periodic physical impulse is
received by the magnet responsive to arterial movement
during systole and diastole. Proceeding to step 306, the
magnet undergoes a periodic tilting motion responsive to the
periodic physical impulse corresponding to systole and
diastole. In step 308, a magnetometer detects, along an axis
parallel to the person’s skin, a periodic change in the
strength of the magnetic field produced by the magnet. In
step 310, a signal or data corresponding to a periodicity of
the detected periodic change in the strength of the magnetic
field is output. The output signal or data can correspond to
a heart rate of the person.

[0053] FIG. 4 is a flow chart of a method 400 for tracking
the heart rate of a person, according to an embodiment. In
step 402 a magnet is flexibly supported adjacent to a pulse



US 2017/0311849 Al

detection location of a person. According to an embodiment,
flexibly supporting a magnet adjacent to a pulse detection
location of a person includes supporting a flexible mem-
brane adjacent to the pulse detection location and supporting
the magnet with the flexible membrane. For example, the
flexible membrane can support the magnet adjacent to a
pulse detection location on a wrist of the person. The
inventors contemplate several alternative pulse measure-
ment locations. In other examples, the flexible membrane
can support the magnet adjacent to a pulse detection location
on a foot or ankle of the person, adjacent to a pulse detection
point on the neck of the person, or adjacent to the temple of
the person.

[0054] Proceeding to step 404, the magnet undergoes
movement responsive to pulse movement of the person. As
described above, the movement is responsive to expansion
and contraction of an adjacent artery, and especially a
peripheral artery, respectively corresponding to systolic and
diastolic pressure pulses from the heart. As described above,
several modes of movement and detection are contemplated.
In a preferred embodiment, the magnet tilts responsive to
arterial pulsing, and corresponding magnetic field strength is
detected along an axis substantially parallel to the skin
surface of the person.

[0055] In step 406, a magnetometer is operated to detect
periodic changes in magnetic field strength from the magnet,
the periodic changes in magnetic field strength correspond-
ing to the movement of the magnet and the pulse movement
of the person.

[0056] Proceeding to step 408, a microcontroller receives
magnetometer data including the periodic changes in mag-
netic field strength from the magnet. The microcontroller
can, as shown in step 410, transform the magnetometer data
to produce frequency data. For example, transforming the
frequency data can include performing a Fourier transform
such as a Fast Fourier Transform (FFT).

[0057] In step 412, the microcontroller receives motion
data corresponding to movement of the person. The motion
data can be produced by an accelerometer or another motion
sensing device. In one example, the motion sensing device
can include another magnetometer or another axis of the
pulse-sensing magnetometer, wherein the motion data cor-
responds to motion of the person relative to far field sources,
such as the earth’s magnetic field.

[0058] In step 414, the motion data is used to filter the
frequency data to select a frequency most likely to corre-
spond to a pulse rate of the person. For example, using the
motion data to filter the frequency data can include writing
the frequency data to memory, writing the motion data to
memory, comparing the motion data to previous motion
data, determining the likelihood of a change in pulse rate
responsive to the compared motion data, comparing the
frequency data to previous frequency data, and identifying a
high magnitude frequency domain point most likely to
correspond to the pulse rate.

[0059] The method 400 can further include step 416,
wherein the most likely pulse rate is written to memory, and
step 418, wherein the most likely pulse rate is output. For
example, step 418 can include wirelessly transmitting the
most likely pulse rate to a personal electronic device. The
personal electronic device can be configured to run a fitness
or health application that uses the pulse rate. Additionally or
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alternatively, outputting the most likely pulse rate can
include displaying the most likely pulse rate on an electronic
display.

[0060] FIG. 5Ais a perspective view of a pulse sensor 500
configured as a wristband, according to an embodiment. In
another embodiment, the pulse sensor 500 can be configured
as a hat or visor band configured to receive pulse movement
from a human head. In another embodiment, the pulse
sensor 500 can be configured as a sock or a shoe configured
to receive pulse movement from a human ankle or foot.
Other embodiments can include articles configured to be
held against other areas of human skin subject to pulse
movement.

[0061] FIG. 5B is a sectional diagram 501 with partial
sectional views 501a, 5015 of the pulse sensor 500 shown in
FIG. 5A, according to an embodiment. With reference to
FIGS. 5A and 5B, a flexible substrate 114 is configured for
support against a human skin surface 202. The pulse sensor
500 includes a plurality of aligned magnetic dipoles 502
supported by the flexible substrate 114. A magnetic sensor
504 is configured to detect magnetic fields emitted by the
plurality of magnetic dipoles 502. The magnetic sensor 504
can be a magnetometer, for example. An analysis circuit 506
is operatively coupled to the magnetic sensor 504.

[0062] The analysis circuit 506 can be configured to
receive a sequence of data from the magnetic sensor 504.
The sequence of data can include a component correspond-
ing to changes in position of a portion of the plurality of
magnetic dipoles 502, for example, the changes in position
of the portion of the plurality of magnetic dipoles 502
corresponding to a pulse movement of the human skin
surface 202. The analysis circuit 506 can be configured to
output pulse chart data corresponding to the sequence of
data, to determine a heart rate and output the heart rate to a
data register.

[0063] Optionally, the pulse sensor 500 can include a
poling magnet 508 configured to pole the plurality of
magnetic dipoles 502 into alignment. The poling magnet 508
can include a permanent magnet configured to maintain a
substantially constant magnetic field across each of the
plurality of magnetic dipoles 502. Alternatively the poling
magnet 508 can include an electromagnet. The electromag-
net can be configured to maintain a substantially constant
magnetic field across each of the plurality of magnetic
dipoles 502 or can be configured to apply a periodically
reversing poling field to the plurality of magnetic dipoles
502.

[0064] The plurality of magnetic dipoles 502 can consist
essentially of high coercivity magnetic particles whose pole
orientations are aligned by an external magnet as they are
cured into the flexible substrate 114 while the flexible
substrate 114 is curing. In this case, the plurality of magnetic
dipoles 502 are held in magnetic alignment by a cross-linked
component of the flexible substrate 114. Additionally or
alternatively, the plurality of magnetic dipoles 502 can be
placed in pole aligned orientation by assembling them onto
the flexible substrate 114 with a pick-and-place machine.
[0065] Alternatively, the plurality of magnetic dipoles 502
can consist essentially of low coercivity ferromagnetic par-
ticles whose pole orientation is induced by an applied
magnetic field. As described above, the pulse sensor 500 can
include the poling magnet 508 configured to hold the
plurality of ferromagnetic particles in magnetic alignment as
magnetic dipoles 502. The poling magnet 508 can include a
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permanent magnet. The poling magnet 508 can be config-
ured to maintain a substantially constant magnetic field
across each of the plurality of magnetic dipoles 502. The
poling magnet 508 can include an electromagnet. The elec-
tromagnet can be configured to apply a field with periodi-
cally reversing magnetic pole to the plurality of magnetic
dipoles 502.

[0066] The sequence of data output from the magnetic
sensor 504 to the analysis circuit 506 can include data
corresponding to the periodically reversing magnetic field,
convert the sequence of data to baseband data that includes
the component corresponding to changes in position of the
portion of the plurality of magnetic dipoles 502 correspond-
ing to a pulse movement of the human skin surface 202. The
plurality of magnetic dipoles 502 can be configured to rotate
responsive to the periodically reversing poling field and to
maintain magnetic polarity in the periodically reversing
poling field.

[0067] The plurality of magnetic dipoles 502 can be held
in alignment by a cross-linked component of the flexible
substrate 114. The alignment of the magnetic dipoles 502
can be formed by poling the magnetic dipoles 502 carried by
a precursor of the flexible substrate 114 and cross-linking the
cross-linked component to hold the plurality of magnetic
dipoles 502 in net magnetic alignment. Additionally or
alternatively, the plurality of magnetic dipoles 502 can be
held in alignment by the flexible substrate 114 and/or
assembled onto the flexible substrate 114 by a pick-and-
place machine.

[0068] The magnetic dipoles 502 can carry a net magnetic
alignment as a group. Individual magnetic dipoles can carry
respective magnetic axes that differ from the net magnetic
alignment. The magnetic dipoles 502 can be aligned along a
Cartesian axis, aligned along respective radial axes, aligned
along hyperbolically varying axes in at least one plane,
and/or aligned with respective axes that are substantially
normal to the flexible substrate 114.

[0069] The magnetic sensor 504 can include a sensor
configured to sense a magnetic field strength along at least
one axis parallel to at least a portion of the magnetic dipole
alignment. Optionally, the magnetic sensor 504 can be
configured to sense magnetic field strength along a plurality
of axis. For example, the magnetic sensor 504 can include an
X-axis magnetic sensor configured to sense a magnetic field
component along an X-axis, a Y-axis magnetic sensor con-
figured to sense a magnetic field component along a Y-axis,
and a Z-axis magnetic sensor configured to sense a magnetic
field component along a Z-axis. The X-, Y-, and Z-axes can
be defined with respect to a sensor circuit assembly and/or
can be defined with respect to the plurality of aligned
magnetic dipoles 502.

[0070] The magnetic sensor 504 can include at least one
sensor aligned relative to the aligned magnetic dipoles 502
and a magnetic sensor array configured to sense magnetic
field components at a plurality of locations in a sensor array.

[0071] The magnetic sensor 504 can be configured to
sense one or more magnetic field components less than 10~
as strong as the earth’s magnetic field. In another embodi-
ment, the magnetic sensor 504 can be configured to sense
one or more magnetic field components less than 107 as
strong as the earth’s magnetic field.
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[0072] The magnetic sensor 504 can be arranged as a
plurality of sensor modules, each sensor module being
configured to sense a magnetic field along a plurality of
sensing axes.

[0073] The analysis circuit 506 can be configured to
receive a sequence of data from the magnetic sensor 504.
Each datum in the sequence of data can correspond to
magnetic field strength along each of three axes. The analy-
sis circuit 506 can be configured to transform each datum by
calculating a square root of a sum of squares of the data
corresponding to the magnetic fleld strength along each of
three axes. Additionally or alternatively, the analysis circuit
506 can be configured to output the transformed data to a
data buffer.

[0074] The pulse sensor 500 can include the housing 118
configured to carry the flexible substrate 114, the magnetic
sensor 504, and the analysis circuit 506. The housing 118
can be configured to be worn around a human wrist, as
shown in FIG. 5A. The flexible substrate 114 can be elas-
tomeric. The housing 118 can include a suspension, such as
hydrogel, operatively coupled to the flexible substrate 114,
the suspension being configured to urge the flexible sub-
strate 114 against the human skin surface 202.

[0075] The pulse sensor 500 can further include an elas-
tomeric foam disposed to press against an outside surface
510 of the flexible substrate 114, the elastomeric foam being
configured to urge the flexible substrate 114 carrying the
plurality of magnetic dipoles 502 against the human skin
surface 202.

[0076] FIG. 6 is a flowchart showing a method 600 for
detecting a human pulse, according to an embodiment. The
method 600 begins with step 602, in which a flexible
substrate carrying aligned magnetic dipoles is held against a
human skin surface. The flexible substrate is particularly
held against a portion of the skin subject to motion caused
by a human pulse. For example, the flexible substrate with
magnetic dipoles can be held against an artery in a wrist, or
against a carotid artery in the neck.

[0077] Optionally, the method 600 can include step 604,
wherein the plurality of magnetic dipoles are held in net
magnetic alignment by supporting a magnet near the plu-
rality of magnetic dipoles. The magnet forms a magnetic
poling field across the plurality of magnetic dipoles that
causes the magnetic dipoles to rotate into alignment.
According to an embodiment, aligned magnetic dipoles can
be formed as net magnetic dipoles. In other words, the
magnetic dipoles can be aligned to an average axis, but
individual magnetic particles (dipoles) can be off-axis or
even antiparallel to the average axis.

[0078] In alternative to step 604, the magnetic dipoles can
be aligned during manufacture of the pulse sensor. For
example, the dipoles can be poled while a polymer is
cross-linked around the dipoles to hold them in place.
Alternatively, the dipoles can be applied to the flexible
substrate in alignment, such as by a pick-and-place machine.
[0079] Proceeding to step 606, physical movement of a
portion of the magnetic dipoles from the human skin surface
is received, the physical movement being a pulse movement
of the human skin surface.

[0080] In step 608, magnetic field data is sensed. For
example, the magnetic field data can include measurement
of atime sequence of magnetic fields. The time sequence can
include a component corresponding to motion of the aligned
magnetic dipoles caused by the human pulse.
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[0081] Proceeding to step 610, the magnetic field data is
transformed to heartbeat data corresponding to the sensed
human pulse. The method 600 can include step 612, wherein
the heartbeat data is converted to a human heart rate.

EXAMPLES

[0082] Specific embodiments may be made by reference to
the following examples:

Objective:

[0083] The objective of this study is to determine the
technical feasibility of detecting human pulse at the wrist by
means of magnetic sensors using a novel approach in which
what is detected is perturbations to a reference magnetic
field created by arterial palpation, i.e. the expansion/con-
traction of the artery cause by the bloods pulsation.

Approach:

[0084] The approach used in this study is to embed
magnetic particles into an elastomeric substrate. The mag-
netic particles were formed by crushing a permanent mag-
net. The magnetic poles of the particles were aligned while
the substrate was cured by exposing them to a strong
external magnet. The resulting elastomeric membrane was
then stretched across a PVC cylindrical cross-section and the
magnetic sensor module was mounted on the opposite end of
the PVC cylinder such that the sensor that is perpendicular
to the membrane is approximately 2 mm from the membrane
sensing down towards the membrane. A view of the sensor
504 is shown in FIG. 7. The sensor module 700 was
connected by ribbon cable to a circuit board with power,
control and I/O capabilities.

Results:

[0085] The sensor was pressed to the wrist at the radial
artery. Samples were taken at a frequency 16.6 Hz for 12 s.
The resulting time series clearly show a pulse averaging
approximately 75 beats per minute. Data plots 800, 900 are
shown in FIGS. 8 and 9. The pulse was then independently
estimated to be approximately 75 bpm, which verified the
data.

[0086] While various aspects and embodiments have been
disclosed herein, other aspects and embodiments are con-
templated. The various aspects and embodiments disclosed
herein are for purposes of illustration and are not intended to
be limiting, with the true scope and spirit being indicated by
the following claims.

1.-81. (canceled)

82. A heart rate monitor, comptrising;

a flexible membrane configured to be held adjacent to a
user’s skin at a location corresponding to an artery
subject to pulse movement;

at least one magnet disposed on the flexible membrane
and configured to move responsive to the pulse move-
ment; and

a magnetometer configured to measure variations in a
magnetic field from the at least one magnet responsive
to the pulse movement.

83. The heart rate monitor of claim 82, further compris-

ing;

a motion sensor configured to detect movement of the
human; and
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a microcontroller operatively coupled to the magnetom-
eter and the motion sensor, the microcontroller includ-
ing a non-transitory computer-readable medium carry-
ing microcontroller instructions configured to cause the
microcontroller to

receive data or a signal from the magnetometer;

receive detected movement information from the
motion sensor;

filter the data or signal from the first magnetometer
responsive to the detected movement; and

output heart rate data corresponding to the filtered data
or signal from the first magnetometer.

84. The heart rate monitor of claim 82,

wherein the at least one magnet has a magnetic axis
defined as a line intersecting both the north pole and the
south pole of the magnet, and the magnet being con-
figured to move further comprises the magnet being
configured to physically tilt responsive to the pulse
movement, whereby the magnetic axis tilts; and

wherein the magnetometer has a magnetic field measure-
ment axis along which the magnetic axis tilt causes a
change in measured magnetic field strength.

85. The heart rate monitor of claim 84, wherein the
magnetic field measurement axis is angled to be momen-
tarily parallel to the plane of the magnetic axis of the at least
one magnet during a pulse period.

86. The heart rate monitor of claim 84, further compris-
ing:
a housing configured to support the magnetometer and

configured to urge the flexible membrane against the
user’s skin.

87. The heart rate monitor of claim 86, further compris-
ing:
a battery contained within the housing and configured to
provide sufficient power to maintain function of the
pulse sensor for at least 24 hours.

88. The heart rate monitor of claim 84, further compris-
ing:
a microcontroller operatively coupled to the magnetom-
eter; and

a motion sensor operatively coupled to the microcon-
troller.

89. The heart rate monitor of claim 88, wherein the
motion sensor comprises an accelerometer.

90. The heart rate monitor of claim 88, wherein the
motion sensor comprises a second magnetometer configured
to sense an ambient magnetic field that is substantially
stationary relative to movements of the user.

91. The heart rate monitor of claim 90, further comprising
a magnetic shield configured to shield the second magne-
tometer from changes in magnetic field strength correspond-
ing to movement of the magnet.

92. The heart rate monitor of claim 88, wherein the
motion sensor is integral with the magnetometer and con-
sists essentially of a magnetometer axis that is transverse to
the plane of the magnetic axis.

93. The heart rate monitor of claim 88, further comprising
a non-transitory computer-readable medium contained
within the microcontroller or separate from the microcon-
troller and operatively coupled to the microcontroller,
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wherein the non-transitory computer-readable medium
carries microcontroller instructions configured to cause
the microcontroller to
receive data or a signal from the magnetometer;
receive detected movement information from the
motion sensor; and
filter the data or signal from the first magnetometer
responsive to the detected movement.
94. The heart rate monitor of claim 84, further compris-
ing:
a microcontroller operatively coupled to the magnetom-
eter; and
an electronic display operatively coupled to the micro-
controller;
wherein the microcontroller is configured to calculate a
most likely pulse rate and to cause the electronic
display to display the most likely pulse rate.
95. The heart rate monitor of claim 84, further compris-
ing:
a microcontroller operatively coupled to the magnetom-
eter; and
a radio operatively coupled to or contained at least
partially within the microcontroller;
wherein the microcontroller is configured to calculate a
most likely pulse rate and to cause the radio to transmit
the most likely pulse rate.
96. A method for tracking the heart rate of a person,
comprising:
flexibly supporting a magnet adjacent to a pulse detection
location of a person, whereby the magnet undergoes
movement responsive to pulse movement of the person;
operating a magnetometer to detect periodic changes in
magnetic field strength from the magnet, the periodic
changes in magnetic field strength corresponding to the
movement of the magnet and the pulse movement of
the person; and
receiving, with a microcontroller, magnetometer data
including the periodic changes in magnetic field
strength from the magnet.
97. The method of claim 96 for tracking the heart rate of
a person, further comprising:
supporting the magnet adjacent to the skin of the person;
whereby the magnet receives a periodic physical impulse
with the magnet responsive to arterial movement dur-
ing systole and diastole;
wherein the movement of the magnet includes a periodic
tilting motion of the magnet responsive to the periodic
physical impulse corresponding to systole and diastole;
wherein operating the magnetometer includes detecting a
periodic change in the strength of the magnetic field
produced by the magnet along an axis parallel to the
person’s skin; and
outpuiting a signal or data corresponding to a periodicity
of the detected periodic change in the strength of the
magnetic field;
whereby the output signal or data corresponds to a heart
rate of the person.
98. The method of claim 96 for tracking the heart rate of
a person, further comprising:
transforming the magnetometer data to produce frequency
data;
receiving, with the microcontroller, motion data corre-
sponding to movement of the person; and
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using the motion data to filter the frequency data to select
a frequency most likely to correspond to a pulse rate of
the person.

99. The method of claim 98 for tracking the heart rate of

a person, wherein transforming the frequency data includes
performing a Fourier Transform.

100. The method of claim 98 for tracking the heart rate of
a person, further comprising:

outputting the most likely pulse rate by at least one of the
steps of

wirelessly transmitting the most likely pulse rate to a
personal electronic device, and

displaying the most likely pulse rate on an electronic
display.

101. The method of claim 98 for tracking the heart rate of

a person, wherein using the motion data to filter the fre-
quency data further comprises:

writing the frequency data to memory;

writing the motion data to memory;

comparing the motion data to previous motion data;

determining the likelihood of a change in pulse rate
responsive to the compared motion data;

comparing the frequency data to previous frequency data;
and

identifying a high magnitude frequency domain point
most likely to correspond to the pulse rate.

102. The method of claim 98 for tracking the heart rate of

a person, wherein flexibly supporting a magnet adjacent to
a pulse detection location of a person further comprises:
supporting a flexible membrane adjacent to the pulse
detection location; and

supporting the magnet with the flexible membrane.

103. A pulse sensor, comprising:

a flexible substrate configured for support against a
human skin surface;

a plurality of aligned magnetic dipoles supported by the
flexible substrate;

a magnetic sensor configured to detect magnetic fields
emitted by the plurality of magnetic dipoles upon
flexing of the flexible substrate; and

an analysis circuit operatively coupled to the magnetic
Sensor.

104. The pulse sensor of claim 103, wherein the analysis
circuit is configured to receive a sequence of data from the
magnetic sensor;

wherein the sequence of data includes a component
corresponding to changes in position of a portion of the
plurality of magnetic dipoles, the changes in position of
the portion of the plurality of magnetic dipoles corre-
sponding to a pulse movement of the human skin
surface.

105. The pulse sensor of claim 103, further comprising:

a magnet configured to pole the plurality of magnetic
dipoles;

wherein the alignment of the plurality of dipoles is caused
by the magnet.

106. The pulse sensor of claim 105, wherein the magnet

includes a permanent magnet.

107. The pulse sensor of claim 105, wherein the magnet
is configured to maintain a substantially constant magnetic
field across each of the plurality of magnetic dipoles.

108. The pulse sensor of claim 105, wherein the magnet
includes an electromagnet.
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109. The pulse sensor of claim 108, wherein the electro-
magnet is configured to apply a periodically reversing
magnetic poling field to the plurality of magnetic dipoles;
and

wherein the sequence of data output from the magnetic

sensor to the analysis circuit includes data correspond-
ing to the periodically reversing magnetic field, convert
the sequence of data to baseband data that includes the
component corresponding to changes in position of the
portion of the plurality of magnetic dipoles correspond-
ing to a pulse movement of the human skin surface.

110. The pulse sensor of claim 109, wherein the plurality
of magnetic dipoles are configured to magnetically rotate
responsive to the periodically reversing magnetic poling
field.

111. The pulse sensor of claim 109, wherein the plurality
of magnetic dipoles are configured to maintain magnetic
polarity in the periodically reversing poling field.

112. The pulse sensor of claim 103, wherein the plurality
of magnetic dipoles are held in alighment by a cross-linked
component of the flexible substrate.

113. The pulse sensor of claim 112, wherein the alignment
of the magnetic dipoles is formed by poling the magnetic
dipoles carried by a precursor of the flexible substrate, and
cross-linking the cross-linked component to hold the plu-
rality of magnetic dipoles in net magnetic alignment.

114. The pulse sensor of claim 103, wherein the plurality
of magnetic dipoles are held in alignment by the flexible
substrate.

115. The pulse sensor of claim 103, wherein the magnetic
dipoles carry a net magnetic alignment as a group; and

wherein individual magnetic dipoles carry respective

magnetic axes that differ from the net magnetic align-
ment.

116. The pulse sensor of claim 103, wherein the magnetic
dipoles are aligned along respective radial axes.

117. The pulse sensor of claim 103, wherein the magnetic
dipoles are aligned along hyperbolically varying axes in at
least one plane.

118. The pulse sensor of claim 103, wherein the magnetic
dipoles are aligned with respective axes that are substan-
tially normal to the flexible substrate.

119. The pulse sensor of claim 103, wherein the magnetic
sensor comprises:

a sensor configured to sense a magnetic field along one

axis corresponding to the magnetic axis of the magnetic
dipoles.
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120. The pulse sensor of claim 103, wherein the magnetic
sensor comprises:

an X-axis magnetic sensor configured to sense a magnetic

field component along an X-axis;

a Y-axis magnetic sensor configured to sense a magnetic

field component along a Y-axis; and

a Z-axis magnetic sensor configured to sense a magnetic

field component along a Z-axis.

121. The pulse sensor of claim 103, wherein the magnetic
sensor comprises:

at least one sensor aligned relative to the aligned magnetic

dipoles.

122. The pulse sensor of claim 103, wherein the magnetic
sensor comprises:

a magnetic sensor array configured to sense magnetic field

components at a plurality of locations in a sensor array.

123. The pulse sensor of claim 103, wherein the magnetic
sensor is configured to sense one or more magnetic field
components less than 107> as strong as the earth’s magnetic
field.

124. The pulse sensor of claim 103, wherein the magnetic
sensor is configured to sense one or more magnetic field
components less than 107° as strong as the earth’s magnetic
field.

125. The pulse sensor of claim 103, wherein the magnetic
sensor is arranged as a plurality of sensor modules, each
sensor module being configured to sense a magnetic field
along a plurality of sensing axes.

126. The pulse sensor of claim 103, further comprising:

a housing configured to carry the flexible substrate, the

magnetic sensor, and the analysis circuit, the housing
being configured to be worn around a human wrist.

127. The pulse sensor of claim 126, wherein the flexible
substrate is elastomeric; and

wherein the housing includes a suspension operatively

coupled to the flexible substrate, the suspension being
configured to urge the flexible substrate against the
human skin surface.

128. The pulse sensor of claim 103, further comprising:

an elastomeric foam disposed to press against an outside

surface of the flexible substrate, the elastomeric foam
being configured to urge the flexible substrate carrying
the plurality of magnetic dipoles against the human
skin surface.

129. The pulse sensor of claim 103, wherein the magnetic
sensor comprises a magnetometer.
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