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GOLF CLUBS AND GOLF CLUB HEADS HAVING A SENSOR

CROSS-REFERENCE TO RELATED APPLICATIONS

{61]  This application claims priority to U.S. Patent Application No. 15/144,522 filed May
2, 2016; U.S. Patent Application No. 15/144,520 filed May 2, 2016, and U.S. Patent
Application No. 15/144,526 filed May 2, 2016. The aforementioned applications in their

entirety, are incorporated by reference herein.
TECHNICAL FIELD
{02]  Aspects of this disclosure generally relate to golf clubs and golf club heads. More

particularly, aspects of this disclosure relate to golf clubs and golf club heads having a sensor

for detecting one or more swing parameters.
BACKGROUND

{031 Golf 15 enjoyed by a wide variety of players — players of different genders and
dramatically different ages and/or skill levels. Golf is somewhat unique in the sporting world
in that such diverse collections of players can play together in golf events, even in direct
competition with one another (e.g., using handicapped scoring, different tee boxes, in team
formats, etc ), and still enjoy the golf outing or competition. These factors, together with the
increased availability of golf programming on television {(e.g., golf tournaments, golf news,
golf history, and/or other golf programming} and the rise of well-known golf superstars, at
least 10 part, have increased golf’s popularity in recent vears, both in the United States and

across the world.

{04] Golfers at all skall levels seek to improve their performance, lower their golf scores,
and reach that next performance “level” Manufacturers of all types of golf equipment have
responded to these demands, and in recent years, the industry has witnessed dramatic changes
and improvements in golf equipment. For example, a wide range of different golf ball and
club models now are available, with balls designed to complement specific swing speeds
and/or other player characteristics or preferences, e.g., with some balls designed to fly farther
and/or straighter; some designed to provide higher or flatter trajectories; some designed to
provide more spin, control, and/or feel (particularly around the greens), some designed for

faster or slower swing speeds; etc. Further, other technological advancements have been
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made in an effort to better match the varicus elements and/or characteristics of the golf club

and characteristics of a golf ball to a particular user’s swing features or characteristics

{05] In addition to the golf equipment, the mechanics of the golf swing ttself are also of
interest to the player eager to improve his/her performance. Qualitative evaluation of a user’s
swing by a trained golfing professional has traditionally been helptul in corecting certain

errors and honing skilis of players of all experience levels.

{06]  As technology has evolved, the capability to mount sensors onto a golf club or other
swinging device has become available. While sensors mounted to a golf club are helptul

additional functionality is desired.
BRIEF SUMMARY

{071  In light of the foregoing background, the following presents a simplified summary of
the present disclosure in order to provide a basic understanding of some aspects of the
various implementations of this disclosure. This summary is not an extensive overview of
the embodiments described herein. It is not intended to identify key or critical elements, or to
delineate the scope of the embodiments described in this disclosure. The following summary
merely presents some concepts of the embodiments of this disclosure in a simplified form as

a prelude to the more detailed description provided below.
Power Management

{08] Yet another aspect to this disclosure relates a golf club comprising: a shatt and a golf
club head, the shaft having a first end connected to the golf club head and a second end
connected to a grip; a sensor connected to the golf club, the sensor comprising: a processor
and an inertial measurement unit, the inertial measurement unit comprising an accelerometer
capable of measuring linear accelerations in a first axis, a second axis, and a third axis and a
gyroscope capable of measuring an angular rate of rotation about the first axis, the second
axis, and the third axis, wherein the first axis, the second axis, and the third axis are
orthogonally oriented and comprise a sensor coordinate system. A non-transitory computer
readable medium storing computer readable instructions that, when executed by the
processor, causes the processor to at least: acquire a first set of lingar acceleration data from
at least one axis of the accelerometer of the inertial measurement unit, where the
accelerometer may be operating with a first sampling rate of 10 Hz or less. The processor
may then compare the first set of linear acceleration data to a first set of predetermined

criteria, wherein the first set of predetermined criteria comprises information indicative of

3
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non-zero linear acceleration data in at least one axis and wherein the first set of
predetermined criteria 1s satisfied 1if information indicative of non-zero linear acceleration
data in at least one axis. Upon determining that first set of criteria is satisfied, the processor
may acquire a second set of linear acceleration data from the accelerometer, where the
accelerometer may be operating at a second sampling rate greater than the first sampling rate.
Next, the processor may calculate an orientation of the golf club from the second set of linear
acceleration data and compare the calculated orientation of the golf club to a second set of
predetermined criteria, where the second set of predetermined criteria comprises a rational
golf club address position, and is satisfied when the calculated orientation of the golf club 13
equal to the rational golf club address position. Upon determining that the second set of
predetermined criteria is satistied, the processor may further collect a third set of linear
acceleration data from the accelerometer and a first set of angular rate data from the
gyroscope, where the accelerometer 15 operating at a third sampling rate greater than the
second sampling rate and calculate whether or not an impact event has occurred based on the
third set of linear acceleration data and the first set of angular rate data.  Additionally, the
second sampling rate may be within a range of 10 Hz and 50 Hz or mayv be approximately 20
Hz. The sensor may further comprise an antenna, a power source, and a magnetometer. The
sensor may be removably connected to a golf club and operate a plurality of power
consumption modes.

{09] Further aspects of this disclosure may relate to the non-transitory computer readable
medium stores computer readable instructions that determine if the impact event has
occurred, when executed by the processor, further causes the processor to at least, compare
the third set of linear acceleration data and the first set of angular rate data to a third set of
predetermined criteria to determine if an impact event has occurred, where the third set of
predetermined criteria may comprise transforming the angular rate of rotation data into
transformed angular rate of rotation data into a golf club coordinate system; where the golf
club coordinate system comprises a fourth axis is oriented in a heel-to-toe direction, a fifth
axis 15 oriented in a front-to-back direction, and a sixth axis is oriented in a bottom-to-top
direction. The processor may then calculate a slope of the transformed angular rate of
rotation about the fourth, fifth, and sixth axes, and compare the slope of the transformed
angular rate of rotation about the fourth, fifth, and sixth axes to a minimum value of a slope
of the angular rate of rotation about the fourth axis and the sixth axis, and a maximum value
of the slope of the angular rate of rotation about the fifth axis, and where the third set of

predetermined criteria may be satisfied if the slopes of the transformed angular rates of
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rotation about the fourth axis and the sixth axis are greater than the minimum value of a slope
of the angular rate of rotation about the fourth axis and the sixth axis, and the slope of the
transformed angular rate of rotation about the fifth axis is less than a maximum value of the
slope of the angular rate of rotation about the fifth axis. Upon determining if an impact event
has occurred, the processor may calculate a set of golf related metrics from the third set of
linear acceleration data and the first set of angular rate of rotation data and transmit the set of

golf related metrics to a remote computing device.

18]  Yet another aspect of this disclosure relates to the non-transitory computer readable
medium storing computer readable instructions that, when executed by the processor, further
causes the processor to at least: compare the third set of linear acceleration data and the first
set of angular rate data to a fourth set of predetermined criteria, wherein the fourth set of
predetermined criteria comprises information indicative of the sensor detecting no movement
for a specified time period, and where the fourth set of predetermined criteria is satistied if
the sensor detects no movement for the a time period greater than the specified time period.
Upon determining if the fourth set of predetermined criteria is met, the processor transitions

the sensor to a low power state.  The specified time period may be 10 seconds.

{11]  Sull another aspect of this disclosure relates to a golf club comprising: a shaft and a
golf club head, the shaft having a first end connected to the golf club head and a second end
connected to a grip; a seusor removably conuected to the golf club, operates a plurality of
power consumption modes and comprises: an inertial measurement unit, a processor, a power
source, and an asntenna. The inertial measurement unit may comprises an accelerometer
capable of measuring linear accelerations in a first axis, a second axis, and a third axis and a
gyroscope capable of measuring angular rates of rotation about the first axis, the second axis,
and the third axis, wherein the first axis, the second axis, and the third axis are orthogonally
oriented and comprise a sensor coordinate system. A non-transitory computer readable
medium storing computer readable instructions that, when executed by the processor, causes
the processor to at least: acquire a first set of linear acceleration data from at a first sampling
rate while providing power to the accelerometer located within the sensor, while restricting
power to the gyroscope; compare the first set of linear acceleration data to a first set of
predetermined criteria, where the first set of linear acceleration data comprises information
indicative of non-zerc linear acceleration data in at least one axis and wherein the first set of
predetermined criteria s satisfied if information 1ndicative of non-zero linear acceleration

data in at least one axis. Upon determining that first set of predetermined criteria is satisfied,
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the processor may acquire a second set of linear acceleration data at a second sampling rate
from the accelerometer, while providing power and restricting power to the gyroscope;
wherein the second sampling rate is greater than the first sampling rate and calculate an
orientation of the golf club from the second set of linear acceleration data. The processor
then compares the orientation of the golf club to a second set of predetermined criteria; where
the second set of predetermined criteria may comprise the golf club is in a rational golf club
address position and that the second set of predetermined criteria is satisfied if the calculated
orientation of the golf club 1s equal to the rational golf club address position. Upon
determining that the second set of predetermined criteria is satisfied; the processor may
coliect a third set of linear acceleration data from the accelerometer and a first set of angular
rate data from the gyroscope located within the sensor; where the accelerometer may be
operating at a third sampling rate greater than the second sampling rate when the third set of
linear acceleration data is collected. The processor next may compare the third set of linear
acceleration data and the first set of angular rate data to a third set of predetermined criteria to
determine if an impact event has occurred, and where the third set of predetermined criteria
may comprise transforming the angular rate of rotation data into transformed angular rate of
rotation data into a golf club coordinate system where the golf club coordinate system may
comprise a fourth axis is oriented in a heel-to-toe direction, a fifth axis is oriented tn a front-
to-back direction, and a sixth axis is oriented in a bottom-to-top direction. The processor
may then calculate a slope of the transformed angular rate of rotation about the fourth, fifth,
and sixth axes and compare the slope of the transformed angular rate of rotation about the
fourth, fifth, and sixth axes to a munimum value of a slope of the angular rate of rotation
about the fourth axis and the sixth axis, and a maximum value of the slope of the angular rate
of rotation about the fifth axis, and where the third set of predetermined criteria may be
satisfied if the slopes of the transformed angular rates of rotation about the fourth axis and the
sixth axis are greater than the minimum value of a slope of the angular rate of rotation about
the fourth axis and the sixth axis, and the slope of the transformed angular rate of rotation
about the fifth axis is less than a maximum value of the slope of the angular rate of rotation
about the fifth axis. Upon determining if an impact event has occurred, the processor ray
calculate a plurality of golf related metrics from the third set of linear acceleration data and
the first set of angular rate of rotation data and provide power to the antenna and transmit the
plurality of golf related metrics to a remote computing device, while restricting power to the
accelerometer and the gyroscope. The plurality of golf related metrics may be transmitied to

the remote computing device at a rate within a range of 0.75 MB/s and 2.0 MB/s.
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{12]  And anocther aspect of this disclosure may relate to a system of measuring a golf
swing comprising: a golf club comprising: a shaft and a golf club head, the shaft having a
first end connected to the golf chub head and a second end connected to a grip; a sensor
removably connected to the golf club, the sensor operates a plurality of power consumption
modes, the sensor comprising: an tnertial measurement unit, a processor, a power source, and
an antenna. A non-transitory computer readable medium storing computer readable
instructions that, when executed by the processor, causes the processor to at least: acquire a
first set of linear acceleration data from at a first sampling rate while providing power to the
accelerometer located within the sensor, while restricting power to the gyroscope; compare
the first set of linear acceleration data to a first set of predetermined criteria; where the first
set of linear acceleration data comprises information indicative of non-zero linear
acceleration data in at least one axis and wherein the first set of predetermined criteria is
satisfied if information indicative of non-zero linear acceleration data in at least one axis.
Upon determining that first set of predetermined criteria is satisfied, the processor may
acquire a second set of linear acceleration data at a second sampling rate from the
accelerometer, while providing power and restricting power to the gyroscope, wherein the
second sampling rate 15 greater than the first sampling rate and calculate an orientation of the
golf club from the second set of linear acceleration data. The processor then compares the
orientation of the golf club to a second set of predetermined criteria; where the second set of
predetermined criteria may comprise the golf club is in a rational golf club address position
and that the second set of predetermined criteria is satistied if the calculated orientation of the
golf club 1s equal to the rational golf club address position. Upon determining that the second
set of predetermined criteria is satisfied; the processor may collect a third set of linear
acceleration data from the accelerometer and a first set of angular rate data from the
gyroscope located within the sensor, where the accelerometer may be operating at a third
sampling rate greater than the second sampling rate when the third set of linear acceleration
data is coliected. The processor next may compare the third set of linear acceleration data
and the first set of angular rate data to a third set of predetermined criteria to determine if an
impact event has occurred, and where the third set of predetermined criteria may comprise
transforming the angular rate of rotation data into transformed angular rate of rotation data
into a golf club coordinate system where the golf club coordinate system may comprise a
fourth axis is oriented in a heel-to-toe direction, a fifth axis is oriented in a front-to-back
direction, and a sixth axis is oriented 10 a bottom-to-top direction. The processor may then

calculate a slope of the transformed angular rate of rotation about the fourth, fifth, and sixth
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axes and compare the siope of the transformed angular rate of rotation about the fourth, fifth,
and sixth axes to a minimum value of a slope of the angular rate of rotation about the fourth
axis and the sixth axis, and a maximum value of the slope of the angular rate of rotation about
the fifth axis, and where the third set of predetermined criteria may be satistied if the slopes
of the transformed angular rates of rotation about the fourth axis and the sixth axis are greater
than the minimum value of a slope of the angular rate of rotation about the fourth axis and the
sixth axts, and the slope of the transformed angular rate of rotation about the fifth axis is less
than a maximum value of the slope of the angular rate of rotation about the fifth axis. Upon
determining 1f an impact event has occurred, the processor may transruit the third set of linear
acceleration data and the first set of angular rate of rotation data to a remote computing

device.
fmpact Detection

i13] In one aspect, this disclosure may relate to a golf club comprising: a shaft and a golf
club head, the shaft having a first end connected to the golf club head and a second end
connected to a grip; a sensor connected to the golf club, the sensor comprising: a processor
and an inertial measurement unit, the inertial measurement unit comprising an accelerometer
capable of measuring linear accelerations along a first axis, along a second axis, and along a
third axis and a gyroscope capable of measuring an angular rate of rotation about the first
axis, about the second axis, and about the third axis, wherein the first axis, the second axis,
and the third axis comprise an orthogonally oriented sensor coordinate system. A non-
transitory cormputer readable medium storing computer readable instructions that, when
executed by the processor, causes the processor to at least: acquire linear acceleration data
from the accelerometer of the inertial measurement unit, where the linear acceleration data
may be taken at a constant sampling rate; acquire angular rate of rotation data from the
gyroscope of the inertial measurement unit, where the angular rate of rotation data may be
taken at a constant sampling rate; and transform the linear acceleration data into transtormed
linear acceleration data with respect to a golf club coordinate system that comprises a fourth
axis may be oriented in a heel-to-toe direction, a fifth axis may be oriented in a front-to-back
direction, and a sixth axis may be oriented in a bottom-to-top direction. The processor may
also transform the angular rate of rotation data into transformed angular rate of rotation data
with respect to the golf club coordinate system; calculate an ornentation of the golf club from
the transtormed linear acceleration data; compare the calculated orientation of the golf club to

a first set of predetermined criteria, where the first set of predetermined criteria may
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correspond to the golf club being oriented in a rational golf club address position and where
the first set of predetermined criteria may be satisfied when the calculated orientation of the
golf club matches the rational golf club address position. Upon determining that the first set
of predetermined criteria is satisfied, the processor may compare the transformed angular rate
of rotation data to a second set of predetermined criteria, where the second set of
predetermined criteria may comprise a range of transformed angular rate of rotation values
and where the second set of predetermined criteria may be satisfied when the transtformed
angular rate of rotation data falls within the range of transformed angular rate of rotation
values. Upon determining that the second set of predetermined critenia is satisfied, the
processor may output an indication that the golf club is in a rational golf club address position

and an indication that the transformed angular rate of rotation data represent a golf swing.

{14] Additional aspects of this disclosure may relate to the non-transtiory computer
readable medium storing computer readable instructions when executed by the processor,
further cause the processor to at least: upon determining that the second set of predetermined
criteria is satisfied, calculate a slope of the transformed angular rate of rotation data about the
fourth axis, the fifth axis, and the sixth axis; and compare the slope of the angular rate of
rotation data around the fourth axis and the sixth axis to a third set of predetermined criteria.
The third set of predetermived criteria may comprise a fourth axis specified slope of angular
rate of rotation and a sixth axis specified slope of angular rate of rotation and may be satisfied
when the slope of the transformed angular rate of rotation data around the fourth axis is
greater than the fourth axis specified slope of angular rate of rotation and the slope of the
transtformed angular rate of rotation data around the sixth axis is greater than the sixth axis
specified slope of angular rate of rotation. Upon determining that the third set of
predetermined criteria is satisfied, the processor may then compare the slope of the angular
rate of rotation data around the fifth axds to a fourth set of predetermined criteria, where the
fourth set of predetermined criteria may comprise a fitth axis specified slope of angular rate
of rotation. The fourth set of predetermined criteria may be satistied it the slope of the
transformed angular rate of rotation data around the fifth axis is less than the fifth axis
specified slope of angular rate of rotation. Upon determining that the fourth set of
predetermined criteria is satisfied, the processor may next compare the transformed linear
acceleration data along the fifth axis to a fitth set of predetermined criteria, where the fifth set
of predetermined criteria may comprise a specified linear acceleration value along the fifth

axis, and where the fifth set of predetermined criteria may be satisfied if the linear
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acceleration data is greater than the specified linear acceleration value along the fifth axis.
Upon determining that the fifth set of predetermined criteria 1s satistied, the processor may
compare the transformed angular rate of rotation data around the fourth axis to a sixth set of
predetermined criteria, where the sixth set of predetermined criteria may comprise a specified
value for angular rate of rotation about the fourth axis and where the sixth set of
predetermined criteria is satisfied if the angular rate of rotation data arcund the fourth axis is
greater than the specified value for the angular rate of rotation about the fourth axis. Lastly,
upon determining that the sixth set of predetermined criteria 1s satisfied, the processor may
transmit a signal that an impact between a golf ball and the golf club has occurred.

o

{15] Other aspects of this disclosure may relate to a rational golf club address position
comprising the golf club being positioned with a sole of the golf club facing downward and
an angle from a vertical plane to a hosel axis of the golf club within a range of 10 degrees to
45 degrees. The range of transformed angular rate of rotation values 1s within 250 degrees
per second and 2,800 degrees per second.  The golf club may be a puiter, an iron-type golf
club, or a wood-type golf club. Also, the sensor may be connected to the golf club head or

positioned near the grip of the golf club.

{16] Another aspect of this disclosure may relate to a golf club comprising: a shaft and a
golf club head, the shaft having a first end connected to the golf club head and a second end
connected to a grip; a sensor connected to the golf club, the sensor comprising: a processor
and an inertial measurement unit, the inertial measurement unit comprising an accelerometer
capable of measuring linear accelerations along a first axis, along a second axis, and along a
third axis and a gyroscope capable of measuring an angular rate of rotation about the first
axis, about the second axis, and about the third axis, wherein the first axis, the second axis,
and the third axis comprise an orthogonally oriented sensor coordinate system. A non-
transitory computer readable medium storing computer readable instructions that, when
exgcuted by the processor, causes the processor to at least: acquire linear acceleration data
from the accelerometer of the inertial measurement unit, where the linear acceleration data
may be taken at a constant sampling rate;, acquire angular rate of rotation data from the
gyroscope of the inertial measurement unit, where the angular rate of rotation data may be
taken at a constant sampling rate; and transform the linear acceleration data into transtormed
linear acceleration data with respect to a golf club coordinate system that comprises a fourth
axis may be oriented in a heel-to-toe direction, a fifth axis may be oriented in a front-to-back

direction, and a sixth axis may be oriented in a bottom-to-top direction. The processor may
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also transform the angular rate of rotation data into transformed angular rate of rotation data
with respect to the golf club coordinate syster; calculate an orientation of the golf club from
the transtormed linear acceleration data; compare the calculated orientation of the golf club to
a first set of predetermined criteria, where the first set of predetermined criteria may
correspond to the golf club being oriented in a rational golf club address position and where
the first set of predetermined criteria may be satisfied when the calculated orientation of the
golf club matches the rational golf club address position. Upon determining that the first set
of predetermined criteria is satisfied, the processor may compare the transformed angular rate
of rotation data to a second set of predetermined criteria, where the second set of
predetermined criteria may comprise a range of transformed angular rate of rotation values
and where the second set of predetermined criteria may be satistied when the transformed
angular rate of rotation data falls within the range of transformed angular rate of rotation
values. Upon determining that the second set of predetermined critenia is satisfied, the
processor may calculate a slope of the transformed angular rate of rotation data about the
fourth axis, the fifth axis, and the sixth axis; and compare the slope of the angular rate of
rotation data around the fourth axis and the sixth axis to a third set of predetermined criteria.
The third set of predetermined criteria may comprise a fourth axis specified slope of angular
rate of rotation and a sixth axis specified slope of angular rate of rotation and may be satisfied
when the slope of the transformed angular rate of rotation data around the fourth axis is
greater than the fourth axis specified slope of angular rate of rotation and the slope of the
transformed angular rate of rotation data around the sixth axis is greater than the sixth axis
specified slope of angular rate of rotation. Upon determining that the third set of
predetermined criteria is satisfied, the processor may then compare the slope of the angular
rate of rotation data around the fifth axds to a fourth set of predetermined criteria, where the
fourth set of predetermined criteria may comprise a fifth axis specified slope of angular rate
of rotation. The fourth set of predetermined criteria may be satistied if the slope of the
transformed angular rate of rotation data around the fifth axis is less than the fifth axis
specified slope of angular rate of rotation. Upon determining that the fourth set of
predetermined criteria is satistied, the processor may next compare the transformed linear
acceleration data along the fifth axis to a fifth set of predetermined criteria, where the fifth set
of predetermined criteria may comprise a specified hinear acceleration value along the fifih
axis, and where the fifth set of predetermined criteria may be satisfied if the linear
acceleration data is less than the specified linear acceleration value along the fifth axis. Upon

determining that the fifth set of predetermined criteria is satisfied, the processor may compare

10
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the transformed angular rate of rotation data around the fourth axis to a sixth set of
predetermined criteria, where the sixth set of predetermined criteria may comprise a specified
value for angular rate of rotation about the fourth axis and where the sixth set of
predetermined criteria ts satisfied if the angular rate of rotation data around the fourth axis i3
greater than the specified value for the angular rate of rotation about the fourth axis. Lastly,
upon determining that the sixth set of predetermined criteria is satistied, the processor may

transmit a signal that an impact between a golf ball and the golf club has occurred.

{17]  Other aspects of this disclosure may relate to the fourth axis specitied slope of angular
rate of rotation 1s 226 degrees per second squared and the sixth axis specitied slope of angular
rate of rotation is 226 degrees per second squared. The fifth axis specified slope of angular
rate of rotation is 226 degrees per second squared. The specified linear acceleration value
along the fifth axis is less than 0.24g’s. The specified value for the angular rate of rotation

about the fourth axis is greater than -18.6 degrees per second.

{18] Yet another aspect of this disclosure may relate to a golf c¢lub comprising: a shatt and
a golf club head, the shaft having a first end connecied to a golf club head and a second end
connected to a grip, a sensor connected to the golf club comprising an inertial measurement
unit, a processor, and a power source, where the inertial measurement unit comprises an
accelerometer capable of measuring linear accelerations in a first axis, a second axis, and a
third axis and a gyroscope capable of measuring an angular rate of rotation about the first
axis, the second axis, and the third axis, wherein the first axis, the second axis, and the third
axis comprise an orthogonally oriented sensor coordinate systern. A non-transitory computer
readable medium storing computer readable instructions that, when executed by the
processor, cause the processor to at least: acquire linear acceleration data from the
accelerometer; acquire angular rate of rotation data from the gyroscope, where the linear
acceleration data and the angular rate of rotation data are taken at a constant sampling rate.
The processor then may transform the linear acceleration data into transformed linear
acceleration data with respect to a golf club coordinate system where a fourth axis may be
oriented in a heel-to-toe direction, a fifth axis may be ortented in a front-to-back direction,
and a sixth axis may be oriented in a bottom-to-top direction, and may also transtorm the
angular rate of rotation data into transformed angular rate of rotation data with respect to the
golf club coordinate system. Next, the processor may calculate a slope of the transformed
angular rate of rotation data about the fourth axis, the fifth axis, and the sixth axis and may

compare the transtormed linear acceleration data along the fourth, fifth, and sixth axes, the
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transformed angular rate of rotation data about the fourth, fitth, and sixth axes and the slope
of the transtormed angular rate of rotation data about the fourth, fifth, and sixth axes to a
plurality of predetermined criteria. Upon determining the plurality of predetermined criteria
is satisfied, the processor may output that an impact between a goif ball and the golf club has
occurred.  The plurality of predetermined criteria may comprise a minimum value of the
slope of the angular rate of rotation about the fourth and the sixth axis, and a maximum value
of the slope of the angular rate of rotation about the fifth axis. The golf club may be a putter
and the sensor 1s positioned near the grip of the golf club, where the minimum value of the
slope of the angular rate of rotation around the fourth and the sixth axis 15 226 degrees per
second squared and the maximum value of the slope of the angular rate of rotation around the

fitth axis 18 226 degrees per second squared.
Swing Start Detection

119]  Sull other aspects of this disclosure may relate a golf club comprising: a shaft and a
golf club head, the golf shaft having a first end connected to the golf club head and a second
end connected to a grip; a sensor connected to the golf club, the sensor comprising: an
inertial measurement unit, the inertial measurement unit comprising an accelerometer capable
of measuring linear accelerations in a first axis, a second axis, and a third axis and a
gyroscope capable of measuring an angular rate of rotation about the first axis, the second
axis, and the third axis, wherein the first axis, the second axis, and the third axis are
orthogonally oriented in a sensor coordinate system, and a processor. A non-transitory
computer readable mediom storing computer readable instructions that, when executed by the
processor causes the processor to at least: acquire linear acceleration data from the
accelerometer, wherein the linear acceleration data is taken at a constant sampling rate;
acquire angular rate of rotation data trom the gyroscope, where the angular rate of rotation
data is taken at a constant sampling rate. The processor may transtform the linear acceleration
data into transformed linear acceleration data with respect to a golf club coordinate system
where the golf club coordinate system comprises a fourth axis may be oriented in a heel-to-
toe direction, a fifth axis may be oriented in a front-to-back direction, and a sixth axis may be
oriented in a bottom-to-top direction, and transform the angular rate of rotation data into a
transformed angular rate of rotation data with respect to the golf club coordinate system.
Next, the processor may store, in a circular buffer, the transformed linear acceleration data
along the fourth, fifth, and sixth axes and store the transformed angular rate of rotation data

about the fourth, fifth, and sixth axes. Then, a start time may be determined for the golf

12



WO 2017/192379 PCT/US2017/030036

swing, defined as tstart, using the transformed angular rate of rotation data about the fourth
axis. Lastly, the processor may solve a loft angle equation at tstart for the golf swing using a
linear quadratic estimation method and may solve a lie angle equation at tstart for the golf
swing using a hlnear quadratic estimation method.  Once the equations are solved, a
calculated loft angle and a calculated lie angle of the golf club head at the start time of the

golf swing may be ouput.

{20]  Additionally, another aspect of this disclosure may relate to the non-transitory
computer readable medium storing computer readable instructions that, when executed by the
processor, further causes the processor to at least: filter the angular rate of rotation data about
the fourth axis and store filtered data, wherein the filtered data is defined as Gyf, determine a
time associated with a maximum value of Gyf wherein the time associated with the maximum
value of Gvf is defined as tmaxl; extract a subset of Gvf, corresponding to a range of time
between a predetermined time before tmax 1, tmaxi-t1 to tmax1; calculate a derivative of the
subset of Gyf, determine a maximum value of the derivative of the subset of Gyt and
determine a time, tmaxZ2, corresponding to the maximum value of the derivative of the subset
of Gyf, compare the derivative of the subset of Gyt immediately prior to tmax2 to a
predetermined angular acceleration value; upon the derivative of the subset of Gyf satisfving
the predetermined angular acceleration value, 1dentify a start time of a swing, tstart; and solve
a loft angle equation and a lie angle equation at tstart using a linear quadratic estimation
method. The angular rate of rotation data about the fourth axis may be filtered using a 4 Hz
2% order Butterworth filter. The golf club may be a putter and where the sensor may be
connected near the grip of the golf club. The predetermined angular acceleration value may
be 0.02 degrees per second squared or may be within a range of 0.01 degrees per second
squared and 0.03 degrees per second squared. Further, the predetermined time may be within
arange of 0.8 seconds to 1.2 seconds. Also, the linear quadratic estimation method may be a
Kalman filter method to estimate the loft angle equation and the lie angle equation, where the
Kalman filter method may be applied from a predetermined filtering time perniod, thlter, prior
to the time, tstart. The non-transitory computer readable medium storing computer readable
instructions for solving the loft angle equation that, when executed by the processor, may
cause the processor to: integrate the transformed angular rate of rotation about the fourth axis

in equation:

13
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where w, may be the transformed angular rate of rotation about the fourth axis. The processor
may then calculate an error estimate using the equation:
Eéﬁi = Loft gecetr — Laﬁ‘

where Loffaccerr may be calculated using the transformed linear acceleration data. A Kalman
gain term, s, may be used in equation:

where the Kalman gain term may be a function of «.*r, where r may be a distance from an
origin of the golf club coordinate system to an intersection of a hosel axis to a ground plane.
Lastly, the non-transitory computer readable medium storing computer readable instructions
for solving the lie angle equation that, when executed by the processor, may cause the
processor to. integrate the transformed angular rate of rotation about the fifth axis in

equation:

Lie, = Lie, 4 + wy * dt;
w, may be the angular rate of rotation about the fifth axis.
]:lvét = Lie gecerr — LEE'L
The processor may then calculate Lieaccer s using the transformed linear acceleration data; and

Lie,_; = Lie, + ky, * Lie,;

where a Kalman gain term mayv be a function of o, %, wherein r may be a distance from an
2 o 9

origin of the golf club coordinate system to an intersection of a hosel axis to a ground plane.

i21]  Yet another aspect to this disclosure relates to a golf club comprising: a shaft having a
first end connected to a golf club head and a second end connected to a grip; a sensor
connected to the golf club comprising an inertial measurement unit, a processor, and a power
source; an inertial measurernent unit, the inertial roeasurement unit comprising an
accelerometer capable of measuring linear accelerations in a first axis, a second axis, and a
third axis and a gyroscope capable of measuring an angular rate of rotation about the first
axis, the second axis, and the third axis, wherein the first axis, the second axis, and the third
axis are orthogonally oriented in a sensor coordinate system. A non-transitory computer
readable medium storing computer readable instructions that, when executed by the processor
causes the processor to at least: acquire linear acceleration data from the accelerometer,
wherein the linear acceleration data is taken at a constant sampling rate; acquire angular rate

of rotation data from the gyroscope, wherein the angular rate of rotation data is taken at a
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constant sampling rate; transform the linear acceleration data into transtormed linear
acceleration data with respect to a golf club coordinate system wherein the golf club
coordinate system comprises a fourth axis 1s oriented in a heel-to-toe direction, a fifth axis is
oriented in a front-to-back direction, and a sixth axis is oriented in a bottom-to-top direction;
transform the angular rate of rotation data into a transformed angular rate of rotation data
with respect to the golf club coordinate system; store, in a circular buffer, the transtormed
linear acceleration data along the fourth, fifth, and sixth axes and the transformed angular rate
of rotation data about the fourth, fifth, and sixth axes; filter the angular rate of rotation data
about the fourth axis and store filtered data wherein the filtered data 15 defined as Gyf;
determine a time associated with a maximum value of Gvf, wherein the time associated with
the maximum value of Gyt 13 defined as tmax1; extract a subset of Gyt corresponding to a
range of time between a predetermined time before tmax 1, tmax1-tl to tmaxl; calculate a
derivative of the subset of Gyt determine a maximum value of the derivative of the subset of
Gyt and define a time, tmax2, corresponding to the maximum value of the derivative of the
subset of Gyt, compare the derivative of the subset of Gyf prior to tmax2 to a predetermined
angular acceleration value; upon the derivative of Gyf satisfving the predetermined angular
acceleration value; record a start time of the golf swing, tstart; and output the start time of the

golf swing as tstart.

{22] This Summary is provided to introduce a selection of concepts in a simplified form
that are further described below in the Detailed Description. The Summary is not intended to
identify key features or essential features of the claimed subject matter, nor s it intended to

be used to limit the scope of the claimed subject matter.
BRIEF DESCRIPTION OF THE DRAWINGS

{231 The present invention 1s illustrated by way of example and is not limited in the

accompanying figures in which like reference numerals indicate similar elements.

i24] FIG. 1 depicts a schematic view of an example golf analysis system according to one

or more aspects described herein.
{25] FIG. 2 depicts an example sensor tnstalled into a golf club;

{26] FIG. 3 depicts a front view of a circuit card assembly of a sensor having an inertial

measurement unit, according to one or more aspects described herein;

27]  FIG. 4 depicts a side view of the circuit card assembly FIG. 3;
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28] FIG. 5 depicts a rear view of the circuit card assembly FIG. 3;

{29] FIG. 6 schematically depicts a golf club head with orthogonal axes along and about
which sensors may measure linear accelerations and angular velocities, according to one or

more aspects described herein;

{301 FIG. 71s an example of a golf club of the golf analysis system of FIG. 1;

{31] FIG. 8 15 an example of a golf club head of the golf club of the golf analysis system of
FIG. 1

{32] FIG. 9 1s an illustrative flowchart diagram of the power management of the sensor,

according to one or more aspects described herein,

{331 FIG. 10 is an illustrative flowchart diagram for an algorithm to determine if an impact

event occurred, according to one or more aspects described herein;

{34] FIG. 11 s an illustrative flowchart diagram of the algorithm to detect the start of the

golf swing, according to one or more aspects described herein;

{35] FIG. 12 1s a graph showing data used to detect the start of the golf swing using the

algorithm of FIG. 11,

{36] FIG. 13 is a graph showing data measured to show the movement prior to the start of

the golf swing;
DETAILED DESCRIPTION

{371  In the following description of various example structures according to the invention,
reference 1s made to the accompanying drawings, which forn a part hereof, and in which are
shown by way of illustration various example devices, systems, and environments in which
aspects of the invention may be practiced. It is to be understood that other specific
arrangements of parts, example devices, systerns, and environments may be utilized and
structural and functional modifications may be made without departing from the scope of the
present invention. Also, while the terms "top,” "bottom,” "front," "back,” "side,” "rear," and
the itke may be used in this specification to describe various example features and elements
of the invention, these terms are used herein as a matter of convenience, e g, based on the
example orientations shown in the figures or the orientation during typical use. Additionally,
the term ‘“plurality,” as used herein, indicates any number greater than one, either
as necessary, up to an infinite nurober. Nothing in this

disjunctively or conjunctively

3

specification should be construed as requiring a specific three dimensional orientation of
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structures in order to fall within the scope of this invention. Also, the reader is advised that

the attached drawings are not necessarily drawn to scale.

{38] The following terms are used in this specification, and unless otherwise noted or clear

from the context, these terms have the meanings provided below.

i39] "Ball striking device" means any device constructed and designed to strike a ball or
other similar objects (such as a hockey puck). In addition to generically encompassing "ball
striking heads," which are described in more detail below, examples of "ball striking devices"
include, but are not limited to: golf clubs, putters, croquet mallets, polo mallets, baseball or
softball bats, cricket bats, tennis rackets, badminton rackets, field hockey sticks, ice hockey

sticks, and the like.

{4¢] "Ball striking head" (or “head”) means the portion of a "ball striking device" that
includes and is located immediately adjacent (optionally surrounding) the portion of the ball
striking device designed to contact the ball {or other object} in use. In some examples, such
as many golf clubs and putters, the ball striking head may be a separate and independent

entity from any shaft member, and it may be attached to the shaft in some manuner.

{41] The terms "shaft” or “handle” include the portion of a ball striking device (if any) that

the user holds during a swing of a ball striking device.

{421  “Substantially perpendicular” means that two elements are oriented at an angle of 90

degrees or within +/- 2 percent of 90 degrees.

{43] In general, aspects of this invention relate to sensors relating to golf swing analysis
systems or any type of swing analysis system such as baseball, tennis, racquetball, hockey,
any sport that requires a user to have a swinging motion. In general, the swing analysis
systems may help a user or coach better by using various numerical analysis, and optionally,
computer visualization, to show the golf club head’s orientation, velocity and swing path.
The user or coach may then identify inefficiencies, or errors, in a user’s swing motion. In
order to analyze a user’s swinging motion, a sensor or plurality of sensors may be positioned

on the ball striking device.

{44]  The sensor may include an inertial measurement unit, or IMU, capable of measuring
linear accelerations and angular rate of rotation along and around three orthogonal {mutually-
perpendicular) axes. The IMU may comprise a single accelerometer capable of measuring
linear accelerations along three orthogonal axes or three accelerometers oriented to measure

linear accelerations along three orthogonal axes, and a single gyroscope sensitive to angular
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velocities about same the three orthogonal axes as the accelerometer, or three gyroscopes
sensitive to angular velocities about sarne the three orthogonal axes as the accelerometer. As
discussed in further detail below, output data from one or more of these three accelerometers
and/or three gyroscopes may be processed, in order to calculate and describe a motion of a

ball striking device during a swing.

{45] However, placing a sensor comprising an IMU inside of a golf club poses a challenge
to power managerent because of the power cousumption of the compounents of the IMU
within the sensor and the limited volume available for a power source or battery. For
example, accelerometers may tend to that draw minimal current while being sample rate and
accuracy dependent. Conversely, gyroscopes may draw considerably more current compared
to the current draw of the accelerometers, up to an order of magnitude greater than an
accelerometer, while not being sample rate or accuracy dependent. By wutilizing the
characteristics of each component type within the IMU, along with intuitive gesture
recognition and golf swing properties, a process is needed to minimize power consumption of

the IMU located within a golf club.

{46]  Another feature using intuitive gesture recognition and golf swing properties can be
found in a process o detect the start of the golf swing. To properly analyze the golf swing,
the precise time and orientation of the golf club at the exact moment the club impacts the ball
must be known. The detection of the time and orientation of the golf club at the moment of
impact with a golf ball when using a sensor having an IMU may be made more difficult by
the wide vartety of other events where the golf club may 1mpact either objects like the ground
in an errant swing, tapping a golfer’s shoe, or impacting another club while being jostied in a
golf bag. A process to decipher a real impact with a golf ball 15 important to analyze a user’s
golf swing. In addition, a process that requires no input from the user that a swing a golf ball

impact has occurred further enhances the user experience.

{47]  Sull another aspect of using intuitive gesture recognition and golf swing properties
can be found in a process to detect the start of the golf swing. To properly analyze the golf
swing, the precise time and orientation of the golf club at the start of the swing must be
known. The detection of the time and ortentation when using a sensor having an IMU may
be made more difficult at the start of the swing because of the wide variety of pre-swing
movements and swing styles exhibited by golfers. A process to detect the precise time and
orientation of the swing is necessary. In addition, a process that requires no input from the

user that a swing is pending further enhances the user experience.
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48] The sensor may include an inertial measurement unit (IMU}. An individual IMU may
be a single a microelectromechanical systerns (MEMS) chip/circuit containing an
accelerometer sensitive to linear accelerations along three orthogonal axes, and a gyroscope
sensitive to angular rate of rotation or angular velocities about same the three orthogonal
axes. Alternatively, the IMU may comprise a plurality of chips/circuits comprising an
accelerometer or multiple accelerometers capable of measuring linear accelerations along
three orthogonal axes of a sensor coordinate system, and a gyroscope or multiple gyroscopes
capable of measuring angular rate of rotation or angular velocities about same the three

orthogonal axes.

{49] The various figures in this application illustrate examples of ball striking devices
according to this invention. When the same reference number appears in more than one
drawing, that reference number is used consistently in this specification and the drawings

refer to the same or similar parts throughout.

{30] FIG. 1 illustrates an example system and environment 100 in which various aspects
described herein may be used and implemented. In general, sensor data from one or more
sensors may be processed to assess one or more characteristics of a user’s golf swing. As
such, a golf club 102 may be outfitted with a sensor(s) 104 that are removably or integrally
connected to the golf club 102, The sensors 104 may be positioned anywhere on the golf
club 102 such as the golf club head 200, the golf club shaft 116, or the golf club grip 118.
Additionally, these sensors may be connected on the exterior of the golf club 102 or possibly
inside the golf club head 200, inside the golf club shaft 116, under the golf club grip 118, or
attached to the end of the golf club grip 118, A plurality of sensors 104 may be connected to
the golf club 102 at the same time. For example, a sensor 104 may be positioned at the grip
118 end of the golf club 102 and another sensor 104 may be positioned at the golf club head
200, this plurality of sensors 104 may be able to provide the plaver or coach additional useful
information, such as shaft flex characteristics during the golf swing. Additionally, the golf

club 102 may be any type of golf club, such as a wood-type, hybrnid-type, iron-type, or putter.

{31] Data from these sensor or sensors 104 may be processed on-board the golf club 102
such that raw sensor data may be transformed into data describing of one or more motions of
a golf club through a swing. Subsequently, this processed data may be coramunicated to a
remote computing device 106 for review and/or further processing. Alternatively, data from
the sensors 104 may be communicated as raw sensor data to be processed by a remote

computing device, such as devices 106 and/or 108, Accordingly, the golf club 102 may
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comprise a transceiver configured to allow for wired and/or wireless communication of data
between the one or more sensors 104, and the devices 106 and/or 108, In one example,
devices 106 and 108 may comprise consumer electronic equipment, such that device 108 may
be a personal computer 106 and device 108 may be a mobile communication device, such as
a tablet computer, a personal data assistant (PDA), a smartphone, and/or combinations
thereof  Further, personal computer 106 may include one or more laptop computers or
desktop computers. Devices 106 and 108 may be connected, via network 110, to a variety of
other devices and destinations, including server 112, As such, devices 106 and 108 may
include network interfaces that are either wired or wireless or may have both wired and
wireless connection interfaces. Wireless connections may be short range or long range, and
may include Wi-Fi, BLUETOOTH, infrared, satellite communications, cellular
communications and the like. Some devices {e.g., device 108) may include multiple network
interfaces and have the capability of transmitting and receiving information over different
interfaces depending on a destination/source, time of day, type of information being
sent/received and the like. In one example, server 112 may be configured to collect data from
various user devices as well as to distribute information such as fitness challenges, golf

recommendations, product ofters and the hike.

{32]  As discussed above, the sensor 104 may comprise an IMU that may have a plurality
of accelerometers configured to detect linear accelerations along one or more axes, and/or a
plurality of gyroscopes, configured to detect the angular rate of rotation or angular velocities
about one or more axes. Each accelerometer may be able to measure along three orthogonal
axes as well as each gyroscope may be able to measure the angular rate of rotation or angular

velocities about each of same the three orthogonal axes of the accelerometer.

{531 Asshown in FIG. 2, the sensor 104 may be positioned inside the golf shatt 116 or golf
grip 118. The sensor 104 may have a housing 120 to protect the components of the sensor
104 from the environment. The sensor 104 may have any shape required to be effectively
house the components and be mounted onto the ball striking device. For example, the sensor
104 may be a cylinder with a height longer than the diameter as shown in Fig 2, or
conversely, the sensor 104 may have a diameter larger than the height Alternatively, the

sensor 104 may be paralielepiped, or any shape sufficient to house the necessary components.

i54] The housing 120 may enclose and protect the sensor’s components from exposure {0
the external environment. As such, the housing 120 may comprise any shape, size and/or

material configured to protect the sensor components. In one specific example, the housing
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may comprise a material {e.g. a polymer) configured to allow transmission of radio waves,
and such that wireless communication between the sensor 104, and an external computing
device, such as device 106 and/or device 108, may be facilitated. In other examples, wired
communication between the sensor 104 and another computing device, such as devices 106

and 108, may be facilitated.

{55]  As discussed above and shown in FIGS. 3, 4, and 5, sensor 104 may comprise an IMU
150, The IMU 150 may comprise an accelerometer capable of measuring Hinear accelerations
in a sensor coordinate system comprising a first axis 152, a second axis 154, and a third axis
156 where each of the first axis 152, the second axis 154 and the third axis 156 are
orthogonally oriented. The IMU 150 may further comprise a gyroscope capable of measuring

an angular rate of rotation about the first axis 152, the second axis 154 and the third axis 156

{561 FIGS. 3, 4, and 5 show the comaponents of sensor 104 which may comprise a circuit
card assembly (CCA) 140 that includes an IMU 150, a processor 142, a power source 144,

and an antenna 146. Additionally, the sensor 104 may further comprise a magnetometer.

{371 The CCA 140 may have any shape and size, but may be preferably sized to have a
width and length that may enable the sensor 104 to be small enough to fit within the butt end
of a golf shaft 116. The CCA 140 may have electronic components mounted on both sides to
minimize the size of the sensor 104, For example, the CCA 140 may have a width of less
than 13 mm. The length may be longer than the width and may have a length that at least
twice as long as the width. Alternatively, the CCA 140 may have a circular shape and have a

diameter of less than 16 mm to fit near the end of the golf grip 118,

{58]  The processor 142 may be utilized to process data received from the IMU 150 The
processor 142 may be a general-purpose processor, a digital signal processor (DSP), an
application-specific integrated circuit (ASIC), a field programmable gate array (FPGA) or
other programmable logic device, discrete gate or transistor logic, discrete hardware
components, or any combination thereof designed to perform the functions described herein.
A general-purpose processor may be a microprocessor, of any conventional processor,
controlier, microcontroller, or state machine. A processor may also be implemented as a
combination of computing devices, e.g., a combination of a DSP and a microprocessor, a
plurality of microprocessors, one or more MICroprocessors in conjunction with a DSP core, or

any other such configuration. The one or more implementations described throughout this
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disclosure may utilize logical blocks, modules, and circuits that may be implemented or

performed with a processor,

{58] The processor 142 may be used to implement various aspects and features described
herein. As such, the processor 142 may be configured to perform any desired operation on
one or more data streams received from the IMU 150, Further, it will be appreciated that the
processor 142 may execute multiple calculations, in parallel or serial, at a very high
throughput frequency using the received data from the sensor’s components, in order to
analyze a golf swing. As such, processor 142 may be configured to execute hundreds of
thousands, millions, or billions or more calculations per second using the hinear acceleration
and angular rate data received from the IMU 150, Processor 142 may execute coordinate
transformations, curve smoothing, noise filtering, outlier removal, amplification, and
swmmation processes, and the like. In some examples, the sensor 104 may not utilize the
processor 142 to process the data received from the IMU 150, Instead, the raw data may be
communicated to one or more remote computing devices, such as devices 106 and 108,
among others. The processor 142 may include a processing unit and system memory to store

and execute software instructions.

{66] The power source 144 may provide power to the sensor 104 including the processor
140, the IMU 150, The power source 144 may comprise, for example, a battery. The battery

may be rechargeable and possibly removable.

{61] When the sensor 104 is positioned within the club head 200, the sensor 104 may be
positioned so as to not interfere with the aerodynamics of the club 102. Moreover, club head
200 may be configured so that the masses and arrangement of the included components do
not change the balance or center of gravity of the club head 200. In one implementation, the
mass of the sensor 104 may be less than 7 grams, which may be less than 4% from the mass

of an unmodified club head 200

{62]  As discussed above, a sensor 104 may comprise an IMU 150 employed to generate
data corresponding to the motion of a golf chub 102 throughout a golf swing motion between
a first time instant and a second time instant. In one example, the first time instant may
correspond to a start of a golf swing motion, or may correspond to a predetermined instant
prior to, or after, a detected start of a golf swing motion. Further, the second time instant may
correspond to an end of a golf swing motion, or may correspond to a predetermined instant

after, or before, a detected end of a golf swing motion, among others.  As such, these
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predetermined times may include any time values, without departing from the scope of these
disclosures. In turn, the IMU data may be processed to determine information about the

motion of the golt chub 102 throughout a swing.

{631 The sensor 104 may have a primary coordinate system corresponding to the first axis
152, the second axis 154, and the third axis 156, Depending upon the location and
orientation of the sensor 104 on the golf club 102, the linear accelerations and angular rate
data of the sensor 104 may be transformed into a golf club coordinate system having an x-
axis, y-axis, and z-axis, based around the orientation of golf club head 200 to the ground.
FIG. 6 schematically depicts a golf club head 200 with one implementation of a golf club
coordinate system about which the sensor 104 data may be characterized. As illustrated in
FIG. 6, the golf club coordinate system may be defined with an x-axis 204 parallel to the
ground plane in a heel-to-toe direction about which a rotation would correspond to a loft
angle of the ball striking face of the golf club head 200, a y-axis 208 in a front-to-back
direction that is normal to the x-axis 204 about which a rotation might a lie angle of the golf
club head 200 might be measured, and a z-axis 212 in a bottom-to-top direction normal to the
x-axis 204 and the y-axis 208 about which a face angle of the golf club head 200 might be
measured. Additionally, the rotations about these axes are shown as rotation 202 around the
x-axis 204, rotation 2006 around the y-axis 208, and rotation 210 around z-axis 212. By
transforming the data into this coordinate system, the movements of the club head 200 can be
tracked through the golf swing. The origin of the golf club coordinate system may be located
at various locations without departing from this disciosure, for example the axes may be
located coincident with the axes of the IMU 150 of the sensor 104, on the shaft 116, under the
grip 118, at a center of gravity of the golf club head 200, at point 235 at the an intersection of
a hosel axis 220 and a ground plane 228 shown in FIG. 7, or at any location on the golf club
102 or sensor 104, While club head 200 depicis a wood-type club, the same type of
coordinate transformation may be made if the golf club head 200 is an tron-type, hybrid-type,

or putter.

{64] FIG. 7 shows the golf club 102 and defines some terminology related to the golf club
102 and golf club head 200. A lie angle 234 may be defined as the angle formed between the

hosel axis 220 and a horizontal plane contacting the sole, 1.e., the ground plane 228

{65] FIG. 8 illustrates an example of a loft angle 240 of the golf club head 200. The loft

angle 240 can be defined as the angle between a plane 238 that is tangential to the striking
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surface 230 at the face center location and a plane 236 normal or perpendicular to the ground

plane 228

{66] Data from the sensor 104 may be utilized to mathematically describe the motion of a
golf club during a golf swing. This mathematical description may include one or more
functions {e.g. functions with respect to time) that may be utilized to calculate the position of
a golf club at any given instant in time between defined start and end points of a golf swing.
As such, these functions may be used to graphically plot a swing arc, among others (e.g. plot
in three dimensions for display on a computer, such as one or more of devices 106 and 108).
A graphical representation of a golf swing motion may be generated for display which may
be a monitor display of device 106 or device 108. In one example, the calculated golf club
location in the global coordinate system may be utilized to plot a graphical representation of
the golf swing. Those of ordinary skill in the art will recognize specific processes for
generating a graphical display, as well as specific hardware elements (GPUs, and the like),
any of which may be utilized with the disclosures described herein.  Further, various
examples of specific graphics, such as swing path coloring and shading, among others, may
be utilized without departing from these disclosures. In one example, the calculated golf
swing data may be utilized to compare a user’s golf swing to a database of stored swing data.
This stored swing data may include previous swings from the user, or model swing data. As
such, in one example, this model swing data may be based upon a golf swing of a
professional level golfer, among others. Accordingly, the model swing data may be
compared to the calculated swing data.  The comparison may indicate one or more
differences between the model swing data and the calculated swing data such that a user may

be provided with feedback about his/her swing,

{67]  Accordingly, one or more processes may be executed to calculate a golf club location
as where the processor 142 or other device 106 or device 108 may receive the linear

acceleration data and angular rate data generated by the IMU’s.
POWER MANAGEMENT

i68] As previously discussed, accelerometers may tend to that draw minimal current,
where their power requirements may be sample rate and accuracy dependent. Conversely,
gyroscopes may draw considerably more current compared to the current draw of the
accelerometers, up to an order of magnitude greater than an accelerometer and their power

requirements may not be sample rate or accuracy dependent. By utilizing the characteristics
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of each component type within the IMU 150, such as the accelerometer, gyroscope or
magnetometer if present, along with intuitive gesture recognition and golf swing properties, a
process is needed to minimize power consumption of the sensor 104 located within a golf

club 102.

{69] FIG. 7 shows a power management process 300 for the system that may be executed
to extend the battery life and implement a power management system. The process may have
at least four different states of power consumption by selectively adjusting what components
may be powered, the operational frequency, and the accuracy the components. In each state,
only the necessary components may be operating with user interactions with the golf club 102
causing the state transitions. By incorporating this process, the sensor 104 connected to the
golf club 102 may power on and take data with minimal to no explicit user interaction with

the sensor.

78] The power management process 300, shown in FIG. 7, may use the sensor 104 to
detect movements that have golf swing characteristics to minimize power consumption of the
sensor.  The process 300 may distinguish the current consumption between the different
components of the sensor 104 and the different types of movements expressed by a user when
handling a golf club. While the swing 1s being performed, the sensor 104 must be operating
with high accuracy at fast sampling frequency. However, when a golf swing is not being
performed, only those portions of the sensor 104 necessary to recogmize user interaction need
to be operating with minimal accuracy and sampling frequency may be needed to detect
dramatic changes in user input. The sensors may need to be operating at full speed and
resolution prior to the start of the golf swing, so the process may need to estimate when a

swing may be pending.

{71] In order to understand the intuitive gesture recognition within the process, an
understanding of the different positions a golf club may experience is necessary. For
example, the golf club may be: (a) static in a bag in a vertical position with the golf club
head 200 at the top or in a horizontal position; (b} transported in a vehicle in a generally
horizontal position experiencing slow accelerations and shocks from the moverment of the
vehicle; (¢} held by the user in a manner not consistent with a position used in a golf swing,
such as being held on the user’s shoulder or a user leaning against club; (d) held by the user a
golf swing address position ready to swing (e} in motion in an active swing;, (f) at rest
leaning against an object where the golf club head 200 may be positioned on the ground or on

a shelf. Each of these different positions may generate a different type of signature within the

[\~
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accelerometer and gyroscope within the IMU 150, The power management process 300 may

recoguize these different signatures and utilize them to transition to the different power states.

{721  As shown in FIG. 9, the process 300 may have at least four power states: {a) Deep
Sleep 302; (b) Low Power 304; (¢} Data Acquisition 3006; (d) Transmission and Analysis 308,

The details of the different states will be discussed below.

{73] First the Deep Sleep 302 state may have the lowest power consumption. In this state,
the gyroscope may be turned off, and the accelerometer may be programmed to generate a
signal when a specified acceleration is experienced on ong or more of the axes 152, 154, 156
by way of sensing a combined movement and/or orientation. The processor 142 may acquire
linear acceleration data along at least one axis from an accelerometer located within the
sensor 104 where the accelerometer is operating in a low accuracy, low frequency operating
mode with a sampling rate of 10 Hz or less, while restricting power to the gyroscope. The
low accuracy, fow frequency operating mode may draw less than 100uA of current. The
processor 142 may be also turned on in an extremely low power mode at this time. The
processer then may compare the linear acceleration data to a set of predetermined criteria.
The set of predetermined criteria may comprise information indicative of non-zero linear
acceleration data in at least one axis and the first set of predetermined criteria 1s satisfied if
information indicative of non-zero linear acceleration data in at least one axis. When the
linear acceleration data satisfies a first set of predetermined criteria, the processor 142 may be
interrupted and may begin execution of the onboard program and transition to the Low Power

304 state. During this time, all unneeded peripheral components may also be turned off.

i74] During the Low Power 304 state, the sensor 104 may determine if a swing is possible
in the near future. The accelerometer may operate in a high accuracy but low sampling rate
mode with a sampling rate greater than the sampling rate of the Deep Sleep 302 state. For
example the sampling rate may be approximately 20 Hz, or within a range of 10 Hz to 50 Hz.
The processor 142 rmay acquire additional linear acceleration data from an accelerometer
within the IMU 150 of the sensor 104, while continuing to restrict power to the gyroscope.
During this state, the processor 142 may be only performing operations when a sample 13
ready from the accelerometer and the gyroscope may be in a low power mode. Also during
this tirne, the processor 142 may calculate the orientation of the golf club 102 using the linear
acceleration data from the accelerometer. The processor 142 then compares the orientation of
the golf club 102 to a set of predetermined criteria. The predetermined set of predetermined

criteria may include checking to see if the golf club 102 has entered a rational golf club
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address position. A rational golf club address position, shown in FIG. 7, may be determined
by the golf club 102 being in a position with the sole 222 of the golf club head 200 facing in a
downward direction and an angle 224 defined as the angle between a hosel axis 220 and a
vertical plane 226 that is perpendicular to a ground plane 228, The angle 224 may be a range

within 10 degrees to 45 degrees, or within a range of 0 degrees to 50 degrees.

{75] The predetermined set of criteria in the Low Power state 304 may further comprise
analyzing the linear acceleration data to determine if there 1s no or little movernent for a time
period of at least 1 second. The amount of movement depends on the balancing of the
sensor’s 104 sensitivity to noise and responsiveness to a user picking up the golf club 102
For example, an amount of movement required initiate the transition to the Data Acquisition
306 state may be an acceleration of greater than 0.1 g’s or greater than 005 g’s. If this
condition is met, then the processor 142 may transition to the Data Acquisition 300 state.
While in the Data Acquisition 300 state and the golf club 102 may be in a rational golf club
address position, the processor 142 may check to see if any movement has been detected for
an extended period of time. For example, if greater than 10 seconds has passed without any
movement, the processor 142 may transition the sensor 104 back to the Low Power 304 state
and if additional time passes, such as going 15 second without any movement, the processor
142 wmay transition the sensor 104 back to the Deep Sleep 302 state.  Also, if the golf club
102 moves cut of the rational golf club address position without sensing any movement for a
time longer than 1 second while in the Data Acquisition 306 state, the processor 142 may
transition back Low Power 304 state and then transition to the Deep Sleep 302 state.
Additionally, while in this Low Power state 304, the processor 142 may occasionally turn on

the gyroscope within the sensor 104 to estimate any gyroscopic bias present.

{76] During the Data Acquisition 300 state, both the accelerometer and gyroscope of the
IMU 150 may be operating at full power, so it is important to spend a minimal amount of
time in this state. The sampling rate of both the accelerometer and gyroscope is greater than
in either of the Deep Sleep 302 or Low Power 304 states. For example, the sampling rate
may be approximately 200 Hz, or within a range of 175 Hz to 400 Hz, or within a range of
150 Hz to 1 kHz. The processor 142 may be active and storing sampled data in a circular
buffer. If the processor 142 senses linear acceleration and angular rate of rotation data, that
satisfies a predetermined set of criteria, the processor 142 may transition to the Transmission

and Analysis 308 state. This predetermined set of criteria may comprise an Irapact Detection
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algorithm 400 to determine if the golf club impacted with a golf ball being detected. The

fropact Detection algorithm 400 will be discussed later in this disclosure.

{77  Additionally, during the Data Acquisition 306 state, the processor 142 may transifion
the sensor 104 back to the Low Power 304 state, if yet another set of predetermined criteria
are satisfied that may include the golf club 102 being at rest static for a period of time, such
as 5 seconds or 10 seconds. Additionally, the processor 142 may return back to the Low
Power 304 state if it senses that the golf club 102 has exited the rational golf club address

position for a time greater than 1 second.

78] During the Transmission and Analysis 30¥ state, a set of golf related metrics may be
calculated from the acquired data and transmutted to a remote computing device 106, The
transmission rate may be approximately 1 MB/s to better optimize the distance the sensor 104
may be able to transmit. Additionally, the transmission rate may be within a range of 0.75
MB/s and 2 MB/s. Alternatively, the acquired data may be transmitted to a remote
computing device 106 for processing into a set of golf related metrics. During this state, both
the accelerometer and gyroscope of the IMU 150 are tn a low power mode and are not
returning data. When the processor 142 completes data transmission, the processor may

return to the Low Power 304 state.

{791 By using the timed periods of no sensed movement, instances when the golf club 102
may be stored in a rational golf club address position may be identified so the sensor 104 may

be put into the Deep Sleep 302 state.

{8¢] The power management process 300 provides an intuitive user experience that doesn’t
requite any explicit comamands from the user. The typical user experience may be as follows:
(a) the user stores their golf club 102 in between golf rounds, during this time the sensor 104
may be in the Deep Sleep 302 state with minimal power consumption; (b) the user may pick
up the golf club 102 and place it tn a vehicle for transport to a driving range or golf course,
during this time the sensor 104 may experience a set of linear accelerations that will turn the
sensor 104 to the low power mode. When this occurs the sensor 104 will detect that the golf
club 102 may not be not in a rational golf address position and return to Deep Sleep 302 state
with little power cost; (¢) after arriving at the golfing destination, the user may remove the
golf club 102 from the vehicle and store the golf club 102 in near vertical orientation with the
golf club head 200 on top in a bag or lay the golf club 102 flat on the ground. In these

orientations the sensor 104 may remain in the Deep Sleep state 302; (d) next, the user may
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pick up the golf club 102 and hold it in varicus ornentations. When the golf club 102 is
moved into a rational golf club address position with some movement, the processor 142 will
transition from the Deep Sleep 302 state to the Low Power 304 state. As the processor 142
senses the movement decreases, the processor 142 will transition to the Data Acquisition 306
state. The processor 142 may keep the sensor 104 in this state until an impact with the ball is
detected, or the golf club 102 is no longer in a rational golf club address position for a period
of time, or no movement is detected for an extended period of time; (e} when impact with a
golf ball 1s detected, the processor 142 may transmit the results to a remote computing device
106; (f) when the user puts the golf club 102 club on the ground or back 10 a golf bag, the
sensor may return to the Low Power 304 state tollowed by the Deep Sleep 302 state. Thus,
the power management process 300 may help to increase the life of the power source 144 of

the sensor 104 and enhance the user experience.

i81] Additionally, the power management algorithm 300 may be applied to other sports
where long periods of inaction are followed by a dynamic event, such sports include baseball

swings, bowling ball throws, pool cue strikes, and football throws.
IMPACT DETECTION

{821  Another aspect to sensor 104 may be the ability to detect when the club impacts the
ball. As shown in FIG. 10, an impact detection algorithm 400 to minimize false positives
caused by golf club 102 impacts that are not impacts with a golf ball such as setting the club
on the ground, tapping the club against a foot, or pushing a ball into position with the club.
Sensor 104 may detect and classify impacts in a manner to minimize the power consumption
and enhance the user experience. To achieve this detection and classification efficiently,

processor 142 uses an impact detection algorithm 400,

{83] The impact detection algorithm 400, much like sensor 104, may work on any type of
golf club, such as a wood-type, hybrd-type, wron-type, or putter. Additionally, the impact
detection algorithm 400 may be used no matter where the sensor 104 is located on the golf
club 102. For example, if the sensor 104 is positioned near the golf club head 200 or near the

grip 118.

{84]  As discussed above, during the Data Acquisition 306 state, the sensor 104 constantly
samples data at a fixed rate. The impact detection algorithm 400 may use the processor 142
to compare either the linear acceleration data or the angular rate of rotation data measured

from the sensor 104 or a function of that data to a predetermined set of criteria. .
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{85]  The first two sets of predetermined criteria may detect the golf club 102 movements
or positions that indicate that the golf club 102 may vot currently exhibit a swing motion. The
remaining criteria detect an impact and determine if the club had the proper motion at the

tirne of impact.

{86] First, the linear acceleration data may be acquired from the accelerometer 402. The
processor 142 may calculate the orientation of the golf club 102 using the linear acceleration
data. The processor 142 may then compare the onentation of the golf club 102 to a first set
of predetermined criteria 404. The first set of predetermined set of criteria may include
checking to see if the golf club 102 has entered a rational golf club address position. As
discussed above, the rational golf chub address position, shown in FIG. 8, may be determined
by the golf club 102 being in a position with the sole 222 of the golf club head 200 facingin a
downward direction and an angle 224 defined as the angle between a hosel axis 220 and a
vertical plane 226 that 1s perpendicular to a ground plane 228, The angle 224 may be a range

within 10 degrees to 45 degrees, or within a range of 0 degrees to 50 degrees.

{87] The rational golf club address position may be detectable by measuring the direction
of the gravity vector, and may be measured using the linear acceleration data created from the
accelerometer within the IMU 150, If the measured data does not satisfy the first set of
predetermined criteria, an impact will not be recorded for a specified amount of time. For
example, the specified amount of time may be approximately 2 seconds or in a range of 1 to 3
seconds. Additionally, if the first set of criteria is not met, the sensor 104 may require the
golf club 102 to be placed back into a rational golf club address position for specific time
periad, such as 1 second, before an impact may be recorded. This response may be similar if
any of the comparative data does not satisfy any of the predetermined criteria within the

impact detection algorithm 400,

{88] Next, the processor 142 may compare the angular rotation data to a second
predetermined set of criteria 406,  The second set of criteria may detect the saturation of the
angular rate of rotation data from the gyroscope of the sensor 104. For example, this second
set of criteria may comprise a parameter where the angular rate of rotation about any axis
may not exceed a reasonable range experienced by the golf club 102 during a swing  For
example, a reasonable angular rate of rotation experienced by the golf club 102 may be
within a range of 250 degrees per second, which may be for a putter and 2800 degrees per
second, which may be for a driver. Additionally, if the angular rate of rotation 1s outside of

this range, an impact may be determined to not have occurred and may require the sensor 104
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to wait a specified amount of time as described above.  The parameter for the minimum and
the maximum range for angular rate of rotation may be the same for each axis. Alternatively,
the parameter for the minimum and the maximum range for angular rate of rotation may be
different for each axis. Once the first two criteria are met, the processor 142 may output an
indication that the golf club is in a rational golf club address position and an indication that

the transformed angular rate of rotation data represent a golf swing.

{88] Once the first two criteria are met, the processor 142 may calculate and compare a
slope of the angular rate of rotation to a third set of predetermined criteria 408, 410, The
slope may be calculated by taking the derivative of the angular rate of rotation data of each
axis. When the golf club 102 strikes the ball, even on a putt with low impact velocity, the
angular rate of rotation measured from the gyroscope may have large slopes during the
impact event. These slopes may be different based upon the location of the sensor 104 and
the golf club characteristics such as shaft length and the type of golf club head. In addition,
the slope may be present on only a portion of the sensing axis such as y-axis 208, which
corresponds to face angle rotation and x-axis 204, which corresponds to a loft angle rotation.
Thus, the third set of predetermined criteria may comprise a slope of the angular rate of
rotation corresponding to a face angle rotation being greater than a specified slope and a
slope of the angular rate of rotation corresponding to a loft angle rotation being greater than a
specified slope. For example, the third set of predetermined criteria for a sensor 104 mounted
near the grip on a putter may be met if the slope of the angular rate of rotation about the y-
axis 208 is greater than 226 degrees per second squared (226 deg/s?) and the slope of the
angular rate of rotation about the axis x-204 is greater than 226 degrees per second squared
(226 deg/s?). H the slopes of the angular rate of rotation are outside of this range, the impact
may be determined to not be an impact with a goltf ball. The sensor 104 may then require the

sensor 104 to wait a specified amount of tirne as described above.

98] Once the first three critenia are satisfied, the processor 142 may compare a slope of
the angular rate of rotation to a fourth set of predetermined criteria 412, Similar to the third
set of predetermined critenia, the fourth set of predetermined criteria may use the slope of

angular rate of rotation about the z-axis 212, which corresponds to face angle rotation to

confirm that the impact was not a ground strike by the heal of the club, such as when the
golfer sets the club down on the ground. This fourth set of criteria may comprise a slope of
the angular rate of rotation corresponding to a face angle rotation being less than a specified

slope. For example, the fourth set of predetermined criteria for a sensor 104 mounted near

31



WO 2017/192379 PCT/US2017/030036

the grip on a putter may comprise the slope of the angular rate of rotation about the axis z-
axis 212 is less than 226 degrees per second squared (226 deg/s?). If the slope of the angular
rate of rotation is outside of this range, the impact may be determined to not be an impact
with a golf ball. The sensor 104 may then require the sensor 104 to wait a specified amount

of time as described above.

{91]  Once the first four criteria are satisfied, the processor 142 may compare the linear
acceleration data along y-axis 208, which is positioned in a front-to-back direction, to a fifth
set of predetermined criteria 414 to verify that the club is not excessively delofted, such as
when the golf club strikes the ground with the face of the club. Thus, the fifth set of
predetermined criteria may comprise a linear acceleration value along a yv-axis 208 less than a
predetermined acceleration value. For example, the fifth set of predetermined criteria for a
sensor 104 mounted near the grip on a puiter may comprise the linear acceleration data along
y-axis 208 having a linear acceleration less than 0.24g's.  Alternatively, the fifth set of
predetermined criteria may comprise that a linear acceleration along the y-axis 208,
corresponding to a front to back direction, 1s above a specified value to validate that the golf
club 102 15 travelling in the correct direction. I the linear accelerations do not meet the
specified criteria, the impact may be determined to not be an impact with a golf ball. The
sensor 104 may then require the sensor 104 to wait a specified amount of time as described

above.

{92] Once the first five criteria are satisfied, the processor 142 may compare the angular
rate of rotation about the x-axis 204, corresponding to a rotation about the loft axis, 1s above a
minimum value, to a sixth set of predetermined criteria 416.  An angular rate of rotation
about the x-axis 204 may almost always be present during an impact event. Thus, the sixth
set of predetermined criteria may verify that the angular rate of rotation about the x-axis 204
is greater than a specified value. For example, the sixth set of predetermined criteria for a
sensor 104 mounted near the grip on a puiter may comprise the linear acceleration data along
x-axis 204 be greater than -18.6 degrees per second. Again, if the angular rate of rotation
does not meet the specified criteria, the impact may be determined o not be an impact with a
golf ball. The sensor 104 may then require the sensor 104 to wait a specified amount of time

as described above.

93] For each of the above criteria, the processor 142 may do a simple comparison and

subtraction statements of values stored in integer format. Only three values may need to be
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stored in memory between time samples. Thus memory requirements and computation time

may be minimal.
SWING START DETECTION AND ORIENTATION

194] Upon determining that an impact with a golf ball has occurred, the next step in goif
swing analysis may be to determine the time and golf club orientation at the start of the golf
swing. To fully analyze a golf swing, the golf club head’s orientation, velocity, and path
needs to be accurately tracked. A golfer may work to return the golf club at impact to the
same position and orientation that it started. As discussed previously, the sensor 104 may be
used to provide data to be able to track the golf swing. One component to swing analysis is
determining the exact time and golf club head 200 orientation at the start of the golf swing.
Because much of the value from golf swing analysis may come by comparing relative
changes during the golf swing, an accurate starting point 1s necessary. A golfer may present
varicus movements and may be in continuous motion while in an address position prior to the
golf swing such as waggles, presses, slides, and other movement as shown in the
measurements presented in FIG. 13, These movements may impart dynamic accelerations
and rotations upon the sensor 104, which may cause instantaneous orientation estimates trom
the accelerometer within the IMU 150 portion of the sensor 104 to be unavailable. Thus, as
shown i FIGS. 11-13, a swing start detection algorithm 500 that may detect both when a
swing-like movement begins and estimate the golf club head 200 orientation at that time is

necessary.

{951 The swing start algorithm 500 may detect the start of the swing from the data
generated from the sensor. The algorithm may model the golf club as a pinned connection at
the hosel axis 220 and the ground plane 228 and uses an optimal filter that discriminates
transiational motion from rotational motion. Using this discrimination, the start time of the

swing and the corresponding golf club orientation at the start time may be determined.

{96]  As discussed above, the sensor 104 may be mounted anywhere on the golf club 112,
such as the golf club head 200, golf club shatt 116, or the golf club grip 118 When the golf
club 112 is in the Data Acquisition 306 state, the processor 142 may collect and store the
linear acceleration and angular rate of rotation data from the IMU 150 in a circular buffer
until an impact event is detected. When an impact event is detected, the data in the circular

buffer may be analyzed to extract the time and onentation of the club at the start of the swing.
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The algorithm to analyze this data may be made of two components, a time estimation

component 502 and an orientation estimation component 504 shown in FIGS. 11-13.

{977  The tune estimation component 502 may comprise several steps. The initial step 506
may be to acquire the linear acceleration and angular rate of rotation data from the sensor
104. Next, the linear acceleration and angular rate of rotation data may be transformed into
the golf chub coordinate system as described above 508, having an x-axis 204, y-axis 206, and

z-axis 208. The processor may then store the transformed data in a circular buffer 510,

98] The transformed angular rate of rotation data about the x-axis 204, or loft plane axis
may be filtered and stored 512. The filtered data angular rate of rotation data may be defined
as Gyf. The filter used for this step may be a low pass filter such as a 4Hz 2 order
Butterworth filter. Prior to filtering the data, the bias of the angular rotation data should be
estimated and removed. A time associated with a maximum value of Gyf may then be
determined 514, where the time associated with the maximum value of Gyt is defined as
tmax! (note that tmax1 13 not shown in FIG. 12). Tmax1 time may be at approximately the

midpoint of the back swing portion of the golf swing,

{99] Because the swing start time, tstart, may be within a range from a predetermined time,
t1, prior to tmax1 in a range of tmax1-t1, which may be written tmax1-t] to tmax1. A subset
of the filtered data, Gvf, may be extracted from the time range from tmax1-t1 to tmax] and
used for the remainder of the calculations 516 For example, for a putter swing with the
sensor 104 mounted near the grip 118 of the golf club 102, the predetermined time, t1, may
be approximately 1 second or within a range of 0.8 seconds to 1.2 seconds. However, this
time, t1, may vary depending upon the type of swing, such as for swinging chabs like irons or

metal woods.

{168} Using the range of tmax1—t1 to tmax1, the derivative of the filtered data, Gyf, may be
calculated 518 to locate the maximum angular acceleration about the x-axis 204 (520} The
time tmax?2, shown in FIG. 12, may be the corresponding time of the maximum angular
acceleration shown in FIG. 12, Lastly, the acceleration about the x-axis 204 prior to the time,
tmax?, may be compared to a predetermined angular acceleration value for the derivative of
Gyt 522, When the denvative of Gyf in the time range immediately prior to the tmax2 time
satisfies the predetermined angular acceleration value, the corresponding time of that
derivative of Gyf may be considered the start time of the swing, tstart 524 as shown in FIG.

12. The time, tstart, may then recorded and output for use in the second portion of the
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algorithm 526. The predetermined angular acceleration value may be different depending on
the type of golf club used and the location of the sensor on the golf club. For example, for a
sensor 104 connected near the grip of a putter-type golf club, this predetermined parameter
may be approximately 0.02 degrees per second squared (or degrees/s®), or within a range of

0.01 degrees/s” and 0.03 degrees/s”,

{161} The second portion of the process 500 algorithm is the detection of the orientation at
the swing start 504. Typically, the orientation of an IMU may be determined by measuring
the static acceleration like gravity to determine the orientation. However, an IMU must
remain static for this method to work properly. For a golf club at address, the golf club 102
may not be static at all, as shown in Figure 12. The swing start detection algorithm 500 may

provide an accurate orientation of the club head 200 at the start of the golf swing.

{162} The swing start detection algorithm 500 models the golf club 102 as a pinned hinkage
where the golf club head 200 may be simplified as a device attached to the ground at a point
235 located at the iontersection of the shaft axis 220 and the ground plane 228 as shown in
FiG. 7. From experimental data and observation, the period immediately prior to the start of
a swing may have negligible translational motion but may have significant rotational motion.
Using this pinned linkage model, a linear quadratic estimation method may be used to
estimate the orientation of the club head 200, For example, a2 Kalman filter may be used to
solve the equations for the loft angle 240 and the lie angle 234 of the club head 200 The
Kalman filter may run from a predetermined filtering time period, tfilter, prior to the time of
the swing start, tstart, to the swing start time, tstart. Thus, the Kalman filter would apply for
a time range of tstart — (tstart-tfilter). For example, the predetermined filtering time period,

tfilter, may be approximately 1.25 seconds, or may be within a range of 1.0 to 2.0 seconds.

{163] The initial equations may be initialized with the values of static loft angle and static
lie angle based upon known club measurements. Then, for each time step the dynamic loft
angle and dynamic lie angle may be estimated by integrating the gyroscopic measurernents as
shown in equation 1 and 2 respectively {(506).

(104] Loft, = Loft oy + @, = dt (1

[185] Lie, = Lie, 4 + w, * dt (2)

{166] Next an error term may be found by using the accelerometer data to estimate the

dynamic Loft and dynamic Lie orientation as in equations 3 and 4. The error estimate may be
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defined as the difference between the Lie and Loft calculated using the gyroscopes and that
using the accelerometers.

1107 Loft, = Loft gecery — Lofi; (3)

[108] Lie, = Lie geoorr — Ll (4)

{109} The next step may be to weight the gyroscope based estimate and the accelerometer
based estimate using a Kalman gain term, ks and kie, where the k terms may be determined
using the equations for the pinned linkage model and the variances of the accelerometer

measurements. The estimate of the orlentation at time, t, becomes equations 5 and 6.
[110] Loft,_y = Loft .+ ki * Loft, (5)
(111} Lie,., = Lie, + k. * Lie, (6)

{112} Since the acceleration is constrained to rotation, the amount of acceleration may be
estimated as w7, where » may be the distance from the point 235 at the “pinned” connection

to an onigin of the golf club head coordinate frame.

{113] Thus, the k terms may be proportional to the @ estimate.  The magnitude of the k
value to wrr. relationship may be set by the desired tolerance of the orientation estimate. Each
unit of rotational acceleration allowed into the accelerometer based orientation measurement
may result in an error. For example, a one hundredth of a g of error estimate may result in an
angle estimate off by approximately 0.5 degrees. If one degree of error is desired, the k termos
relationship with @ may be equal to 0.0175¢"s making the k terms” values minimal. The k
terms values may additionally affect the convergence time in solving the equations. Using
farger k terms values may result in the faster convergence time, while it a relationship 1s
chosen with small k terms, the rate of convergence may be slower, which may require longer
sampling periods, which may increase the memory needs of the system. Thus, when the wr
acceleration estimate magnitude 1s high, the weight of k terms is reduced and vice versa. The
benefit of the weighting rather than using a threshold is that even under constant rotation, the
state may be estimated, but the estimate may take longer to converge.

{114] For example, a 4Hz filtered value of the gyroscopes may be used to supply the
angular rate to the filter. Upon comparing results of this technique to motion capture data,
showed a two sigma error fevel of IMU calculated loft angle 240 is 0.7 degrees, and for lie

angle 234 15 0.6 degrees.
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{118} The various embodiments described herein may be implemented by general-purpose
or specialized computer hardware. In one example, the coraputer hardware may comprise
one or more processors, otherwise referred to as microprocessors, having one or more
processing cores configured to allow for parallel processing/execution of instructions. As
such, the various disclosures described herein may be implemented as software coding,
wherein those of skill in the art will recognize various coding languages that may be
employed with the disclosures described herein. Additionally, the disclosures described
herein may be utilized in the implementation of application-specific integrated circuits
{ASICs), or in the implementation of various electronic components comprising conventional
electronic circuits {otherwise referred to as off-the-shelf components). Furthermore, those of
ordinary skill in the art will understand that the various descriptions included in this
disclosure may be implemented as data signals communicated using a variety of different
techuologies and processes.  For example, the descriptions of the various disclosures
described herein may be understood as comprising one or more streams of data signals, data
instructions, or requests, and physically communicated as bits or symbols represented by

combinations thereof.

{116] Oue or more of the disclosures described herein may comprise a computer program
product having computer-readable medium/media with instructions stored thereon/therein
that, when executed by a processor, are configured to perform one or more methods,
techniques, systems, or embodiments described herein.  As such, the instructions stored on
the computer-readable media may comprise actions to be executed for performing various
steps of the methods, techniques, systems, or embodiments described herein.  Furthermore,
the computer-readable medium/media may comprise a storage medium with instructions
configured to be processed by a computing device, and specifically a processor associated
with a computing device. As such, the computer-readable medium may include a form of
persistent or volatile memory such as a hard disk drive (HDD), a solid state drive (SSD), an
optical disk (CD-ROMs, DVDs), tape drives, floppy disk, ROM, RAM, EPROM, EEPROM,
DRAM, VRAM, flash memory, RAID devices, remote data storage {cloud storage, and the
like), or any other media type or storage device suitable for storing data thereon/therein.
Additionally, combinations of different storage media types may be implemented into a

hybrid storage device. In one implementation, a first storage medium may be priotitized over
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a second storage medium, such that different workloads may be implemented by storage

media of different priorities.

{117} Further, the computer-readable media may store software code/instructions
configured to control one or more of a general-purpose, or a specialized computer.  Said
software may be utilized to facilitate interface between a human user and a computing device,
and wherein said software may include device drivers, operating systems, and applications.
As such, the computer-readable media may store software code/instructions configured to

perform one or more implementations described herein.

{118] Those of ordinary skill in the art will understand that the varicus illustrative logical
blocks, modules, circuits, techniques, or method steps of those implementations described
herein may be implemented as electronic hardware devices, computer software, or
combinations thereof. As such, varous tllustrative modules/components have been described
throughout this disclosure in terms of general functionality, wherein one of ordinary skill in
the art will understand that the described disclosures may be implemented as hardware,

software, or combinations of both.

{119} The one or more implementations described throughout this disclosure may utilize
fogical blocks, modules, and circuits that may be implemented or performed with a general-
purpose processor, a digital signal processor (DSP), an application-specific integrated circuit
(ASIC), a field programmable gate array (FPGA) or other programmable logic device,
discrete gate or transistor logic, discrete hardware components, or any combination thereof
designed to perform the functions described herein. A general-purpose processor may be a
microprocessor, or any conventional processor, controller, microcontroller, or state machine.
A processor may also be implemented as a combination of computing devices, eg., a
combination of a DSP and a microprocessor, a plurality of microprocessors, one or more

microprocessors in conjunction with a DSP core, or any other such configuration.

{120] The techniques or steps of a method described in connection with the embodiments
disclosed herein may be embodied directly in hardware, in software executed by a processor,
or in a combination of the two. In some embodiments, any software module, software layer,
or thread described herein may comprise an engine comprising firmware or software and
hardware configured to perform embodiments described herein. Functions of a software
module or software layer described herein may be embodied directly in hardware, or

embodied as software executed by a processor, or embodied as a combination of the two. A
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software module may reside in RAM memory, flash memory, ROM memory, EPROM
memory, EEPROM memory, registers, hard disk, a removable disk, a CD-ROM, or any other
form of storage medium known in the art. An example storage medium is coupled to the
processor such that the processor can read data from, and write data to, the storage medium.
in the alternative, the storage medium may be integral to the processor. The processor and the
storage medium may reside in an ASIC. The ASIC may reside in a user device. In the
alternative, the processor and the storage medium may reside as discrete components in a

user device.

{121} Accordingly, it will be understood that the invention is not to be limited to the
embodiments disclosed herein, but is to be understood from the following claims, which are

to be interpreted as broadly as allowed under the law,
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What is claimed is:
I. A golf club comprising:
a shaft and a golf club head, the shaft having a first end connected to the golf club
head and a second end connected to a grip;
a sensor connected to the golf club, the sensor comprising:
an inertial measurement unit, the inertial measurement unit comprising an

accelerometer capable of measuring linear accelerations along a first axis, along a

)
second axis, and along a third axis and a gyroscope capable of measuring an angular
rate of rotation about the first axis, about the second axis, and about the third axis,
wherein the first axis, the second axis, and the third axis comprise an orthogonally
oriented sensor coordinate system;
a processor; and
a non-transitory computer readable medium storing computer readable
instructions that, when executed by the processor, causes the processor to at least:
acquire linear acceleration data from the accelerometer of the inertial
measurement unit, wherein the linear acceleration data is taken at a constant
sampling rate;
acquire angular rate of rotation data from the gyroscope of the inertial
measurement unit, wherein the angular rate of rotation data is taken at a
constant sampling rate;
transform the linear acceleration date into transformed linear
acceleration data with respect to a golf club coordinate system that comprises
a fourth axis is oriented in a heel-to-toe direction, a fifth axis is oriented in a
front-to-back direction, and a sixth aas 13 oriented in a bottom-to-top
direction;
transform the angular rate of rotation data into transformed angular rate
of rotation data with respect to the golf club coordinate system;
calculate an orientation of the golf club from the transformed linear
acceleration data;
compare the calculated orientation of the golf club to a first set of
predetermined criteria, wherein the first set of predetermined criteria
corresponds to the golf club being oriented in a rational golf club address

position and wherein the first set of predetermined criteria is satisfied when
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the calculated orientation of the golf club matches the rational golf club
address position;

upon determining that the first set of predetermined criteria is satisfied,
compare the transformed angular rate of rotation data to a second set of
predetermined criteria, wherein the second set of predetermined criteria
comprises a range of transtformed angular rate of rotation values and wherein
the second set of predetermined criteria is satisfied when the transformed
angular rate of rotation data falls within the range of transformed angular rate
of rotation values;

upon determining that the second set of predetermined criteria is
satisfied, output an indication that the golf club is in a rational golf club
address position and an indication that the transtormed angular rate of rotation

data represent a golf swing.

2. The golf club of claim 1, wherein the non-transitory computer readable medium stores
computer readable instructions when executed by the processor, further cause the processor
to at least:

upon determining that the second set of predetermined criteria is satisfied, calculate a
slope of the transformed angular rate of rotation data about the fourth axis, the fitth axis, and
the sixth axis;

compare the slope of the angular rate of rotation data around the fourth axis and the
sixth axis to a third set of predetermined criteria, wherein the third set of predetermined
criteria comprises a fourth axis specified slope of angular rate of rotation and a sixth axis
specified slope of angular rate of rotation and wherein the third set of predetermined criteria
is satisfied when the slope of the transformed angular rate of rotation data around the fourth
axis is greater than the fourth axis specified slope of angular rate of rotation and the slope of
the transformed angular rate of rotation data around the sixth axis is greater than the sixth
axis specified slope of angular rate of rotation;

upon determining that the third set of predetermined critenia is satisfied, compare the
slope of the angular rate of rotation data arcund the fifth axis to a fourth set of predetermined
criteria;

wherein the fourth set of predetermined criteria comprises a fifth axis specified slope

of angular rate of rotation, and wherein the fourth set of predeterruined criteria is satisfied if
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the slope of the transformed angular rate of rotation data around the fifth axis is less than the
fitth axis specified slope of angular rate of rotation;

upon determining that the fourth set of predetermined criteria is satisfied, compare the
transformed linear acceleration data along the fifth axis to a fifth set of predetermined
criteria, wherein the fifth set of predetermined criteria comprises a specified linear
acceleration value along the fifth axis, and wherein the fifth set of predetermined critenia is
satisfied if the linear acceleration data is greater than the specified linear acceleration value
along the fifth axis;

upon deterroining that the fitth set of predetermined criteria is satistied, compare the
transformed angular rate of rotation data around the fourth axis to a sixth set of
predetermined criteria, wherein the sixth set of predetermined criteria comprises a specified
value for angular rate of rotation about the fourth axis and wherein the sixth set of
predetermined criteria ts satisfied if the angular rate of rotation data around the fourth axis i3
greater than the specified value for the angular rate of rotation about the fourth axis; and

upon determining that the sixth set of predetermined criteria is satisfied, transmit a

signal that an impact between a golf ball and the golf club has occurred.

3. The golf club of claim 1, wherein the rational golf club address position comprises the
golf club positioned with a sole of the golf club facing downward and wherein an angle trom

a vertical plane to a hosel axis of the golf club is within a range of 10 degrees to 45 degrees.

4. The golf club of claima 1, wherein the range of transformed angular rate of rotation

values 1s within 250 degrees per second and 2,800 degrees per second.

5. The golf club of claim 2, wherein the golf club i3 an iron-type club.

6. The golf club of claim 2, wherein the golf club is a wood-type club.

7. The golf club of claim 2, wherein the sensor is positioned near the grip of the golf
club.

8. A golf club comprising:

a shaft and a golf club head, the shaft having a first end connected to the golf club

head and a second end connected to a grip;

42



WO 2017/192379 PCT/US2017/030036

a sensor connected to the golf club comprising a processor and an inertial
measurement unit, wherein the iertial measurement unit comprises an accelerometer capable
of measuring linear accelerations in a first axis, a second axis, and a third axis and a
gyroscope capable of measuring angular rate of rotation about the first axis, the second axis,
and the third axis, wherein the first axis, the second axis, and the third axis comprise an
orthogonally oriented sensor coordinate system; and

a non-transitory computer readable medium storing computer readable instructions
that, when executed by the processor, cause the processor to at least:

acquire linear acceleration data from the accelerometer;

acquire angular rate of rotation data from the gyroscope, wherein the linear
acceleration data and the angular rate of rotation data are taken at a constant sampling
rate;

transform the linear acceleration data into transformed linear acceleration data
with respect to a golf club coordinate system where a fourth axis is oriented in a heel-
to-toe direction, a fifth axis is oriented in a front-to-back direction, and a sixth axis is
otiented in a bottom-to-top direction;

transform the angular rate of rotation data into transformed angular rate of
rotation data with respect to the golf club coordinate system;

calculate an orientation of the golf club from the transformed linear
acceleration data;

compare the orientation of the golf club to a first set of predetermined criteria;
wherein the first set of predetermived criteria corresponds to the golf club being
oriented in a rational golf club address position and wherein the first set of
predetermined criteria is satisfied if the orientation of the golf club maiches the
rational golf club address position;

upon determining that the first set of predetermined criteria is satisfied,
compare the transformed angular rate of rotation data to a second set of predetermined
criteria; wherein the second set of predetermined criteria comprises a range of
transformed angular rate of rotation values and wherein the second set of
predetermined criteria is satistied if the transformed angular rate of rotation data falls
within the range of transformed angular rate of rotation values;

upon determining that the second set of predetermined criteria is satisfied,
calculate a slope of the transtormed angular rate of rotation data for the fourth, fifth,

and sixth axes;
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compare the slope of the transformed angular rate of rotation data around the
fourth axis and the sixth axis to a third set of predetermined criteria comprising a
fourth axis specified slope of angular rate of rotation and a sixth axis specified slope
of angular rate of rotation and wherein the third set of predetermined criteria is
satisfied if the slope of the transformed angular rate of rotation data around the fourth
axis 1s greater than the fourth axis specified slope of angular rate of rotation and the
slope of the transformed angular rate of rotation data around the sixth axis is greater
than the sixth axis specified slope of angular rate of rotation;

upon determining that the third set of predetermined criteria is satisfied,
compare the slope of the transtformed angular rate of rotation data arcund the fifth axis
to a fourth set of predetermuned criteria corprising a fifth axis specified slope of
angular rate of rotation, and wherein the fourth set of predetermined criteria is
satisfied if the slope of the transformed angular rate of rotation data around the fifth
axis is less than the fifth axis specified slope of angular rate of rotation;

upon determining that the fourth set of predetermined criteria is satisfied,
compare the transtormed linear acceleration data along the fifth axis to a fifth set of
predetermined criteria, wherein the fifth set of predetermined criteria comprises a
specified linear acceleration value along the fifth axis, and wherein the fifth set of
predetermined criteria is satisfied if the linear acceleration data is less than the
specified linear acceleration value along the fifth axis;

upon determining that the fifth set of predetermined criteria is satisfied,
compare the transformed angular rate of rotation data around the fourth axis to a sixth
set of predetermined criteria, wherein the sixth set of predetermined criteria comprises
a specified value for angular rate of rotation about the fourth axis and wherein the
sixth set of predetermined criteria is satisfied if the angular rate of rotation data
around the fourth axis is greater than the specified value for the angular rate of
rotation about the fourth axis; and

upon determining that the sixth set of predetermined criteria is satisfied;

output that an impact between a golf ball and the golf chub has occurred.

The golf club of claim 8, wherein the rational golf club address position comprises the

golf club positioned with a sole of the golf club facing downward and wherein an angle trom

a vertical plane to a hosel axis of the golt club within a range of 10 degrees to 45 degrees.
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10, The golf club of claim 8, wherein the range of transformed angular rate of rotation

values is within 250 degrees per second and 2,800 degrees per second.

11, The golf club of claim 8§, wherein the golf club is a putter and the sensor is positioned

near the grip of the golf club.

12, The golf club of claim 11, wherein the fourth axis specified slope of angular rate of
rotation is 226 degrees per second squared and the sixth axis specified slope of angular rate of

rotation is 226 degrees per second squared.

13, The golf club comprising of claim 11, wherein the fifth axis specified slope of angular

rate of rotation is 226 degrees per second squared.

14, The golf club of claim 11, wherein the specified linear acceleration value along the

fitth axis is less than 0.24¢’s.

15, The golf club of claim 11, wherein the specitied value for the angular rate of rotation

about the fourth axis is greater than -18.6 degrees per second.

6. A golf club comprising:

a shaft and a golf club head, the shaft having a first end connected to a golf club head
and a second end connected to a grip;

a sensor connected to the golf club comprising an inertial measurement unit, a
processor, and a power source, wherein the inertial measurement unit comprises an
accelerometer capable of measuring linear accelerations in a first axis, a second axis, and a
third axis and a gyroscope capable of measuring an angular rate of rotation about the first
axis, the second axis, and the third axis, wherein the first axis, the second axis, and the third
axis comprise an orthogonally oriented sensor coordinate system; and

a non-transitory coraputer readable medium storing computer readable instructions
that, when executed by the processor, cause the processor to at east:

acquire linear acceleration data from the accelerometer, wherein the linear
acceleration data are taken at a constant sampling rate;
acquire angular rate of rotation data from the gyroscope, wherein the angular

rate of rotation data are taken at a constant sampling rate;

45



WO 2017/192379 PCT/US2017/030036

transtform the linear acceleration data into transformed linear acceleration data
with respect to a golf club coordinate system where a fourth axis is oriented in a heel-
to-toe direction, a fifth axis is oriented in a front-to-back direction, and a sixth axis is
oriented 1n a bottom-to-top direction;

transform the angular rate of rotation data into transformed angular rate of
rotation data with respect to the golf club coordinate system;

calculate a slope of the transformed angular rate of rotation data about the
fourth axis, the fifth axis, and the sixth axis;

compare the transformed linear acceleration data along the fourth, fifth, and
sixth axes, the transformed angular rate of rotation data about the fourth, fifth, and
sixth axes and the slope of the transformed angular rate of rotation data about the
fourth, fifth, and sixth axes to a plurality of predetermined criteria;

upon determining the plurality of predetermined criteria is satisfied, output
that an impact between a golf ball and the golf club has occurred; and
wherein the plurality of predetermined criteria comprises a minimum value of the

slope of the angular rate of rotation about the fourth and the sixth axts, and a maximum value

of the slope of the angular rate of rotation about the fifth axis.

17. The golf club of claim 16, wherein the sensor is positioned near the grip of the golf
club.

18, The golf club of claim 16, wherein the sensor is connected to the golf club head.

19, The golf club of claim 16, wherein the golf club is a putter and the sensor is

positioned near the grip of the golf club and wherein the minimum value of the slope of the
angular rate of rotation around the fourth and the sixth axis is 226 degrees per second

sguared.
20. The golf club of claim 16, wherein the golf club is a putter and the sensor is positioned

near a grip of the golf club and wherein the maximum value of the slope of the angular rate of

rotation around the fifth axas is 226 degrees per second squared.
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A golf club comprising:
a shaft and a golf club head, the shaft having a first end connected to the golf
club head and a second end connected to a grip;
a sensor connected to the golf club, the sensor comprising:
an inertial measurement unit, the inertial measurement unit comprising
an accelerometer capable of measuring linear accelerations along a first axis,
along a second axis, and along a third axis and a gyroscope capable of
measuring an angular rate of rotation about the first axis, about the second
axis, and about the third axis, wherein the first axis, the second axis, and the
third axis are orthogonally oriented and comprise a sensor coordinate system;
a processor; and
a non-transttory computer readable mediun storing computer readable
instructions that, when executed by the processor, causes the processor to at
feast:
acquire a first set of linear acceleration data from at least one axis of
the accelerometer of the inertial measurement unit, wherein the accelerometer
is operating with a first sampling rate of 10 Hz or less;
compare the first set of linear acceleration data to a first set of
predetermined criteria, wherein the first set of predetermined criteria
comprises information indicative of non-zero linear acceleration data in at
least one axis and wherein the first set of predetermined criteria is satisfied if
information indicative of non-zero linear acceleration data in at least one axis;
upon determining that first set of criteria is satistied, acquire a second
set of linear acceleration data from the accelerometer, wherein the
accelerometer is operating at a second sampling rate greater than the first
sampling rate;
calculate an ortentation of the golf club from the second set of linear
acceleration data;
corupare the calculated orientation of the golf club to a second set of
predetermined criteria, wherein the second set of predetermined criteria
comprises a rational golf club address position, and wherein the second set of
predetermined criteria is satisfied when the calculated orientation of the golf

club is equal to the rational golt club address position;
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upon determining that the second set of predetermined criteria is
satisfied, collect a third set of linear acceleration data from the accelerometer
and a first set of angular rate data from the gyroscope; wherein the
accelerometer is operating at a third sampling rate greater than the second
sampling rate; and

calculate whether or not an impact event has occurred based on the

third set of linear acceleration data and the first set of angular rate data.

22. The golf club of claim 21, wherein the non-transitory computer readable medium
stores computer readable instructions that determine if the impact event has occurred, when
executed by the processor, further causes the processor to at least:

compare the third set of linear acceleration data and the first set of angular rate data to
a third set of predetermined criteria to determine if an impact event has occurred, wherein the
third set of predetermined criteria comprises transforming the angular rate of rotation data
into transformed angular rate of rotation data into a golf club coordinate system, wherein the
golf club coordinate system comprises a fourth axis is oriented in a heel-to-toe direction, a
fifth axis is oriented in a front-to-back direction, and a sixth axis is onented in a bottom-to-
top direction,

calculate a slope of the transtormed angular rate of rotation about the fousth, fifth, and
sixth axes;

compare the slope of the transformed angular rate of rotation about the fourth, fifth,
and sixth axes to a minimum value of a slope of the angular rate of rotation about the fourth
axis and the sixth axis, and a maximum value of the slope of the angular rate of rotation about
the fifth axis, and

wheretn the third set of predetermined criteria is satisfied if the slopes of the
transformed angular rates of rotation about the fourth axis and the sixth axis are greater than
the minimum value of a siope of the angular rate of rotation about the fourth axis and the
sixth axis, and the slope of the transformed angular rate of rotation about the fifth axis is less
than a maxirourn value of the slope of the angular rate of rotation about the fitth axis;

upon determining it an impact event has occurred, calculate a set of golf related
metrics from the third set of linear acceleration data and the first set of angular rate of

rotation data and transmit the set of golf related metrics to a remote computing device.
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23, The golf club of claim 21, wherein the non-transitory computer readable medium
stores computer readable nstructions that, when executed by the processor, further causes the
processor to at least:

corapare the third set of linear acceleration data and the first set of angular rate data to
a fourth set of predetermined criteria, wherein the fourth set of predetermined criteria
comprises information indicative of the sensor detecting no movement tor a specitied time
period, and wheretn the fourth set of predetermined criteria is satisfied if the sensor detects no
movement for the a time period greater than the specified time period,

upon determining if the fourth set of predetermined criteria is satisfied, transition the

sensor to a low power state.

24, The golf club of claim 21, wherein the second sampling rate is within a range of 10

Hz and 50Hz.

25. The golf club of claim 21, wherein the second sampling rate is 20 Hz

26. The golf club of claim 21, wherein the rational golf club address position comprises a
golf club orientation wherein a sole of the golf chub faces downward and wherein an angle
from a vertical plane to a hosel axis of the golf club 1s within a range of 10 degrees to 45

degrees.

The golf club of claim 23, wherein the specified time period 15 10 seconds.

[\

23. The golf club of claim 21, wherein the sensor further comprises an antenna, and a
power

SOUree.

29. The golf club of claim 21, wherein the sensor further comprises a magnetometer.

30. The golf club of claim 21, wherein the sensor is positioned near a grip of the golf
club.

31, The golf club of claim 21, wherein the sensor is connected to the golf club head of the
golf club.
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32 A golf club comprising:
a shaft and a golf club head, the shaft having a first end connected to the golf club
head and a second end connected to a grip;
a sensor removably connected to the golf club, the sensor operates a plurality of
power consumption modes, the sensor comprising:
an inertial measurement unit, a processor, a power source, and an antenna, wherein
the inertial measurement unit comprises an accelerometer capable of measuring linear
accelerations along a first axis, along a second axis, and along a third axis and a gyroscope
capable of measuring angular rates of rotation about the first axis, about the second axis, and
about the third axis, wherein the first axis, the second axis, and the third axis are orthogonally
oriented and comprise a sensor coordinate system; and
a non-transitory computer readable medium storing coraputer readable instructions
that, when executed by the processor, causes the processor to at least:
acquire a first set of linear acceleration data from at a first sampling rate while
providing power to the accelerometer located within the sensor, while restricting
power to the gyroscope;
compare the first set of linear acceleration data to a first set of predetermined
criteria, wherein the first set of linear acceleration data comprises information
indicative of non-zero linear acceleration data in at least one axis and wherein the first
set of predetermined criteria is satisfied if information indicative of non-zero linear
acceleration data in at least one axis;
upon determining that first set of predetermined criteria is satistied, acquire a
second set of linear acceleration data at a second sampling rate from the
accelerometer, while providing power and restricting power to the gyroscope; wherein
the second sampling rate is greater than the first sampling rate;
calculate an orientation of the golf club from the second set of linear
acceleration data;
compare the orientation of the golf club to a second set of predetermined
criteria, wherein the second set of predetermined criteria comprises the golf club is in
a rational golf club address position and wherein the second set of predeterroined
criteria is satistied if the calculated orientation of the golf club is equal to the rational

golf club address position;
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upon determining that the second set of predetermined criteria is satisfied;
collect a third set of linear acceleration data from the accelerometer and a first set of
angular rate data from the gyroscope located within the sensor; wherein the
accelerometer is operating at a third sampling rate greater than the second sampling
rate when the third set of linear acceleration data is collected:

compare the third set of linear acceleration data and the first set of angular rate
data to a third set of predetermined criteria to determine if an impact event has
occurred, wherein the third set of predetermined criteria comprises transforming the
angular rate of rotation data into transformed angular rate of rotation data into a golf
club coordinate systent;

calculate a slope of the transformed angular rate of rotation about the fourth,
fifth, and sixth axes, wherein the golf club coordinate system comprises a fourth axis
is oriented in a heel-to-toe direction, a fifth axis is ontented in a front-to-back
direction, and a sixth axis is oriented in a bottom-to-top direction;

compare the slope of the transformed angular rate of rotation about the tourth,
fifth, and sixth axes to a minimum value of a slope of the angular rate of rotation
about the fourth axis and the sixth axis, and a maximum value of the slope of the
angular rate of rotation about the fifth axis, and wherein the third set of predetermined
criteria is satisfied if the slopes of the transformed angular rates of rotation about the
tourth axis and the sixth axis are greater than the minimum value of a slope of the
angular rate of rotation about the fourth axis and the sixth axis, and the slope of the
transformed angular rate of rotation about the fifth axis is less than a maximum value
of the slope of the angular rate of rotation about the fifth axis;

upon determining if an impact event bas occurred, calculate a plurality of golf
related metrics from the third set of linear acceleration data and the first set of angular
rate of rotation data;

provide power to the antenna and transmit the plurality of golf related metrics
to a remote computing device, while restricting power to the accelerometer and the

gYroscope.

The golf club of claim 32, wherein the first sampling rate s 10 Hz or less.

The goif club of claim 32, wherein the second sampling rate is between 10 Hz and 20
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35, The golf club of claim 32, wherein the rational golf club address position comprises
the golf club positioned with a sele of the golf club facing downward and wherein an angle

from a vertical plane to a hosel axis of the golf club within a range of 10 degrees to 45

degrees.

36. The golf club of claim 32, wherein the third sampling rate is between 175 Hz and 400
Hz.

37. The golf club of claim 32, wherein the plurality of golf related metrics is transmitted

to the remote computing device at a rate within a range of 0.75 MB/sand 2.0 MB/s.

38. A system of measuring a golf swing comprising:

a golf club comprising: a shaft and a golf chub head, the shaft having a first
end connected to the golf club head and a second end connected to a grip;

a sensor removably connected to the golf club, the sensor operates a plurality
of power consumption modes, the sensor comprising: an inertial measurement unit, a
processor, a power source, and an antenna, wherein the inertial measurement unit
comprises an accelerometer capable of measuring linear accelerations along a first
axis, along a secound axis, and along a third axis and a gyroscope capable of measuring
angular rates of rotation about the first axis, about the second axis, and about the third
axis, wherein the first axis, the second axis, and the third axis are orthogonally
oriented and comprise a sensor coordinate system; and

a non-transitory computer readable medium storing computer readable
instructions that, when executed by the processor, causes the processor 1o at least:

acquire a first set of linear acceleration data from at least one axis from the
accelerometer located within a sensor located on a golf club, wherein the
accelerometer 1s operating with a first sampling rate of 10 Hz or less;

compare the first set of linear acceleration data to a first set of predeterroined
criteria, wherein the first set of linear acceleration data comprises information
indicative of non-zero linear acceleration data in at least one axis and wherein the first
set of predetermined criteria is satisfied if information indicative of non-zero linear

acceleration data in at least one axis;
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upon determining that first set of criteria is satisfied; acquire a second set of
linear acceleration data from the accelerometer, wherein the accelerometer is
operating at a second sampling rate within a range of 10 Hz and 20 Hz when the
second set of linear acceleration data is collecied;

calculate an orientation of the golf club from the second set of linear
acceleration data;

compare the orientation of the golf club to a second set of predetermined
criteria; wherein the second set of predetermined criteria comprises the golf club is 1n
a rational golf club address position wherein the second set of predetermined criteria
is satisfied if the calculated orientation of the golf club is equal to the rational golf
club address position;

upon determining that the second set of predetermined criteria is satisfied;
collect a third set of linear acceleration data from the accelerometer and a first set of
angular rate data from the gyroscope located within the sensor; wherein the
accelerometer 18 operating at a third sampling rate within a range of 175 Hz and 400
Hz when the third set of linear acceleration data s collecied;

compare the third set of linear acceleration data and the first set of angular rate
data to a third set of predetermined criteria to determine if an impact event has
occurred; wherein the third set of predetermined criteria comprises transforming the
angular rate of rotation data into transformed angular rate of rotation data into a golf
club coordinate system, wherein the golf club coordinate system comprises a fourth
axis is oriented in a heel-to-toe direction, a fifth axis is oriented in a front-to-back
direction, and a sixth axis is oriented in a bottom-to-top direction;

calculate a slope of the transformed angular rate of rotation about the fourth,
fifth, and sixth axes;

compare the slope of the transformed angular rate of rotation about the fourth,
titth, and sixth axes to a minimum value of a slope of the angular rate of rotation
about the fourth axis and the sixth axis, and a maximum value of the slope of the
angular rate of rotation about the fifth axis, wherein the third set of predetermined
criteria is satisfied if the slopes of the transformed angular rates of rotation about the
fourth axis and the sixth axis are greater than the minimum value of a slope of the
angular rate of rotation about the fourth axis and the sixth axis, and the slope of the
transformed angular rate of rotation about the fifth axis is less than a maximum value

of the slope of the angular rate of rotation about the fifth axis; and
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upon determining if an impact event has occurred, transmit the third set of
linear acceleration data and the first set of angular rate of rotation data to a remote

computing device.

39, The system of measuring a golf swing of claim 38, wherein the rational golf club
address position comprises the golf club positioned with a sole of the golf club facing
downward and wherein an angle from a vertical plane to a hosel axis of the golf ¢lub within a

range of 10 degrees to 45 degrees.

40.  The system of measuring a golf swing of claim 38, wherein the sensor is positioned

near the grip of the golf club.

41 A golf club comprising:
a shaft and a golf club head, the shaft having a first end connected to the golf
club head and a second end connected to a grip;
a sensor connected to the golf club, the sensor comprising:
an inertial measurement unit, the inertial measurement unit comprising an
accelerometer capable of measuring linear accelerations in a first axis, a second axis,
and a third axis and a gyroscope capable of measuring an angular rate of rotation
about the first axis, the second axis, and the third axis, wherein the first axis, the
second axis, and the third axis are orthogonally oriented in a sensor coordinate
system;
a processor; and
a non-transitory computer readable medium storing computer readable
instructions that, when executed by the processor causes the processor to at least:
acquire linear acceleration data from the accelerometer, wherein the
linear acceleration data is taken at a constant sampling rate;
acquire angular rate of rotation data from the gyroscope, wherein the
angular rate of rotation data is taken at a constant sampling rate;
transform the linear acceleration data into transtormed linear
acceleration data with respect to a golf club coordinate system wherein the
golf club coordinate system comprises a fourth axis is oriented in a heel-to-toe
direction, a fifth axis is oriented in a front-to-back direction, and a sixth axis is

oriented in a bottom-to-top direction;
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transform the angular rate of rotation data into a transformed angular
rate of rotation data with respect to the golf club coordinate system;

store, in a circular butfer, the transformed linear acceleration data
along the fourth, fifth, and sixth axes and store the transformed angular rate of
rotation data about the fourth, fifth, and sixth axes;

determine a start time for a golf swing, defined as tstart, using the
transformed angular rate of rotation data about the fourth axis;

solve a loft angle equation at tstart for the golf swing using a linear
guadratic estimation method;

solve a lie angle equation at tstart for the golf swing using a linear
quadratic estimation method; and

output a calculated loft angle and a calculated lie angle of the golf club

head at the start time of the golf swing.

42. The golf club of claim 41, wherein the non-transitory computer readable medium
stores computer readable instructions that, when executed by the processor, further causes the
processor to at least:

filter the angular rate of rotation data about the fourth axis and store filtered data,
wherein the filtered angular rate of rotation data about the fourth axis is defined as Gvf,

determine a tirne associated with a maximum value of Gyt wherein the time
associated with the maximum value of Gyt is defined as tmaxl;

extract a subset of Gyf, corresponding to a range of time between a predetermined
time before tmaxi, tmaxi-tl to tmaxl;

calculate a derivative of the subset of Gvf,

determine a maximum value of the derivative of the subset of Gyf and determine a
time, tmax2, corresponding to the maximum value of the derivative of the subset of Gvf;

compare the derivative of the subset of Gyf immediately prior to tmax2 toa
predetermined angular acceleration value;

upon the derivative of the subset of Gyt satisfying the predetermined angular
acceleration value, identify a start time of a swing, tstart; and

solve a loft angle equation and a lie angle equation at tstart using a linear quadratic

estimation method.
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43, The golf club of claim 42, wherein the angular rate of rotation data about the fourth

axis is filtered using a 4 Hz 2nd order Butterworth filter.

44, The golf club of claim 42, wherein the golf club is a putter and wherein the sensor is

connected near the grip of the golf club.

45.  The golf club of claim 44, wherein the predetermined angular acceleration value is

0.02 degrees per second squared.

46, The golf club of claim 44, wherein the predetermined angular acceleration value is

within a range of 0. 01 degrees per second squared and §. 03 degrees per second squared.

47.  The golf club of claim 44, wherein the predetermined tirne 15 within a range of 0.8

seconds to 1.2 seconds.

48.  The golf club of claim 41, wherein the linear quadratic estimation method is a Kalman
filter method.
49, The golf club of claim 48, wherein the Kalman filter method is applied from a

predetermined filtering time period prior to tstart, wherein the predetermined filtering time

periad is defined as tfilter.

50. The golf club of claim 49, wherein the non-transitory computer readable medium
stores
computer readable instructions for solving the loft angle equation that, when executed by the
processor, causes the processor to:
integrate the transformed angular rate of rotation about the fourth axis in equation:
Loft, = Loft (.4 + @, *dt
wherein ®, is the transformed angular rate of rotation about the fourth axis;
calculate an error estimate using the equation:
Z‘(Yfit = LOfT gecert — IE)}?C
wherein Loftaccel f 1s calculated using the transformed linear acceleration data; and

wherein a Kalman gain term, 4.z, 15 used in equation:
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L()fft_l = !{;Gj‘t I3 + k[()ft * L()ftt
wherein the Kalman gain term is a function of o,*r, wherein r is a distance from an

origin of the golf club coordinate system to an intersection of a hosel axis to a ground plane.

51. The golf club of claim 49, wherein the non-transitory computer readable medium stores
computer readable instructions for solving the lie angle equation that, when executed by the
processor, causes the processor to:
integrate the transtormed angular rate of rotation about the fitth axis in equation:
Lie, = Liegy + wy * dt,
wherein wy is the angular rate of rotation about the fifth axis;
Lie, = Lie gecorr — L8
calculate Lieaccel 7 using the transformed linear acceleration data; and
Lieq_y = Lie, + ke * Liey:
wherein a Kalman gain term is a function of @.*r, wherein r is a distance from an

origin of the golf club coordinate system to an intersection of a hosel axis to a ground plane.

52. A golf club comprising:
a shaft having a first end connected to a golf club head and a second end connected to
a grip;
a sensor connected to the golf club comprising an inertial measurement unit, a
processor, and a power source;
an inertial measurement unit, the inertial measurement unit comprising an
accelerometer capable of measuring linear accelerations in a first axis, a second axis, and a
third axis and a gyroscope capable of measuring an angular rate of rotation about the first
axis, the second axis, and the third axis, wherein the first axis, the second axis, and the third
axis are orthogonally oriented in a sensor coordinate system; and
a non-transitory computer readable medium storing computer readable instructions
that, when executed by the processor causes the processor to at least:
acquire linear acceleration data from the accelerometer, wherein the linear
acceleration data 1s taken at a constant sampling rate;
acquire angular rate of rotation data from the gyroscope, wherein the angular
rate

of rotation data is taken at a constant sampling rate;
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transtform the linear acceleration data into transformed linear acceleration data
with respect to a golf club coordinate system wherein the golf club coordinate system
comprises a fourth axis is oriented in a heel-to-toe direction, a fifth axis is onented in
a front-to-back direction, and a sixth axis is oriented in a bottom-to-top direction;
transform the angular rate of rotation data into a transformed angular rate of
rotation data with respect to the golf club coordinate system;
storeg, in a circular buffer, the transformed linear acceleration data along the
fourth, fifth, and sixth axes and the transformed angular rate of rotation data about the
fourth, fifth, and sixth axes;
filter the angular rate of rotation data about the fourth axis and store filtered
data wherein the filtered angular rate of rotation data about the fourth axis 18 defined
as Gyt
determine a time associated with a maximum value of Gyf, wherein the time
associated with the maximum value of Gyf is defined as tmaxi;
extract a subset of Gyf corresponding to a range of time between a
predetermined time before tmax|, tmaxi-tl to tmaxl;
calculate a derivative of the subset of Gvf;
determine a maximum value of the derivative of the subset of Gyf and define a time,
tmax?2, corresponding to the maximum value of the derivative of the subset of Gyt
compare the derivative of the subset of Gyf prior to tmax2 to a predeterroined angular
acceleration value;
upon the derivative of the subset of Gyf satisfying the predeternmined angular
acceleration value; record a start time of a golf swing, tstart; and output the start time of the

golf swing as tstart,

53, The golf club of claim 52, wherein the angular rate of rotation data about the fourth

axis is filtered using a 4 Hz 2nd order Butterworth filter.

S4.  The golf club of claim 52, wherein the golf club 15 a putter and the sensor is connected

near the grip of the golf club.

55. The golf club of claim 52, wherein the predetermined angular acceleration value is

0.02 degrees per second squared.
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56. The golf club of claim 52, wherein the predetermined angular acceleration value is

within a range of 0. 01 degrees per second squared and §. 03 degrees per second squared.

57 The golf club of claim 52, wherein the predetermined tirne 1s within a range of 0.8

seconds to 1.2 seconds.

58. A golf chub comprising:
a shaft having a first end connected to a golf club head and a second end connected to
a grip;
a sensor connected to the golf club comprising an inertial measurement unit, a
processor, and
a power source;
an inertial measurement unit, the inertial measurement unit coraprising an
accelerometer capable of measuring linear accelerations in a first axis, a second axis, and a
third axis and a gyroscope capable of measuring an angular rate of rotation about the first
axis, the second axis, and the third axis, wherein the first axis, the second axis, and the third
axis are orthogonally oriented in a sensor coordinate system;
a non-transitory computer readable medium storing computer readable instructions
that, when executed by the processor causes the processor to at least:
acquire linear acceleration data from the accelerometer, wherein the linear
acceleration data is taken at a constant sampling rate;
acquire angular rate of rotation data froro the gyroscope, wherein the angular
rate of rotation data is taken at a constant sampling rate;
transform the linear acceleration data into transformed linear acceleration data
with respect to a golf club coordinate system, wheretn the golf club coordinate system
comprises a fourth axis is oriented in a heel-to-toe direction, a fifth axis is oriented in
a front-to-back direction, and a sixth axis is oriented in a bottom-to-top direction;
transtorm the angular rate of rotation data into a transformed angular rate of
rotation data with respect to a golf club coordinate system;
determine a start time for a golf swing, tstart, using the transtormed angular
rate of rotation data;
solve a loft angle equation at tstart using a linear quadratic estimation method;
solve a lie angle equation at tstart using a linear quadratic estimation method,

and
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output a calculated loft angle and a calculated lie angle of the golf club head at
the start time of the golf swing;
wherein the linear quadratic estimation method is a Kalman filter to estimate the loft

angle equation and the e angle equation.

59. The golf club of claim S8, wherein the non-transitory computer readable medium
stores computer readable instructions for solving the loft angle equation that, when executed
by the processor, causes the processor to:
integrate the transformed angular rate of rotation about the fourth axis in equation:
Loft, = Loft oy + wy »dt
wherein ®, is the transformed angular rate of rotation about the fourth axis;
calculate an error estimate using the equation:
Loft, = Loft gecere — LOft,
wherein Loftaccel f 1s calculated using the transformed linear acceleration data; and
wherein a Kalman gain term, &i5, 15 used in equation:
Loft, .y = Loft .+ ke x Loft,
wherein the Kalman gain term is a function of o,*r, wherein r is a distance from an

origin of the golf club coordinate system to an intersection of a hosel axis to a ground plane.

60. The golf club of claim 59, wherein the non-transitory computer readable medium
stores computer readable instructions for solving the lie angle equation that, when executed
by the processor, causes the processor to:
integrate the transformed angular rate of rotation about the fifth axis in equation:
Liey = Liecq + w, * dt |
wherein @y 1s the angular rate of rotation about the fifth axis;
;i?ét = Lie gecerr — EE%U

calculate Lieaccel f using the transformed linear acceleration data; and

wherein a Kalman gain term s a function of axc™r, wherein r is a distance from an

origin of the golf club coordinate system to an intersection of a hosel axis to a ground plane.
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