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SYSTEM AND METHOD FOR MEASURING
POWER GENERATED DURING LEGGED
LOCOMOTION

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0001] The invention described herein was made in the
performance of official duties by employees of the Depart-
ment of the Navy and may be manufactured, used and
licensed by or for the United States Government for any
governmental purpose without payment of any royalties
thereon.

BACKGROUND AND SUMMARY OF THE
INVENTION

[0002] The present invention relates generally to a system
and method for measuring power during an activity such as
legged locomotion. Using power as a means to quantify the
level of effort or work exerted over time during activities such
as walking or running may be useful in the fields of physical
therapy, medicine, athletics, and other physiological
research.

[0003] Conventional activity monitoring systems focus on
the metrics of speed, distance traveled, and heart rate. Such
conventional systems have limitations. For example, at a con-
stant level of effort, speed and heart rate can vary widely due
to other factors. Heart rate may vary due to a level of hydra-
tion or state of recovery, temperature and elevation. Speed
may vary with slope of the surface being traversed, such as
when a runner is going uphill. Wind speed or other environ-
mental conditions also affect speed.

[0004] Conventional activity monitoring systems include
sensors located in or on footwear to detect speed and/or
distance traversed by a user. Some conventional systems
include an array of force sensors located within the footwear
to measure forces exerted during human locomotion. These
measured forces are used to assist with the design and manu-
facture of shoes or running surfaces. Force sensors may also
be used to measure speed, distance, or jump time of a user.
Other conventional systems for monitoring legged locomo-
tion use one or more accelerometers coupled to footwear of a
user. Such accelerometer-based systems also measure speed
and distance of the user during activity.

[0005] The system and method of the present disclosure
provides a measurement of power exerted by a body during
legged locomotion. In the present system and method, both
force sensors and acceleration sensors are provided. Outputs
from both the force sensors and the accelerometers are then
used to calculate power generated by the body during legged
locomotion. Power generated is a more useful factor to moni-
tor than speed, acceleration, or force. The present system and
method may be used by a plurality of different users including
humans, animals, or legged machines such as robots which
undergo legged locomotion. The calculated power may be
provided to various output devices, such as a display, or stored
for the duration of an exercise activity and analyzed later.
[0006] In an exemplary embodiment of the present disclo-
sure, a method is provided for calculating power generated by
a body during legged locomotion. The method comprises
providing at least one accelerometer to measure acceleration
of'the body during legged locomotion, providing at least one
force sensor to measure a plurality of propulsive force
impulses created by the body during legged locomotion, and

Mar. 3, 2011

calculating the power generated by the body during legged
locomotion using output signals from both the at least one
accelerometer and the at least one force sensor.

[0007] In another exemplary embodiment of the present
disclosure, a system is provided to calculate power generated
by a body during legged locomotion, The system comprises at
least one accelerometer to measure acceleration of the body
during legged locomotion, at least one force sensor to mea-
sure a plurality of propulsive force impulses created by the
body during legged locomotion, and a processor configured
to calculate the power generated by the body during legged
locomotion using output signals from both the at least one
accelerometer and the at least one force sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The foregoing aspects and other features of this
invention will become more readily appreciated and better
understood by reference to the following detailed description
when taken in conjunction with the accompanying drawings
in which:

[0009] FIG. 1 is a block diagram of an illustrated embodi-
ment of a power detector for detecting power generated dur-
ing a legged locomotion of a body;

[0010] FIG. 2 is a block diagram illustrating another
embodiment of a power detector;

[0011] FIG. 3 is a block diagram illustrating yet another
embodiment of a power detector;

[0012] FIG. 4 is a block diagram illustrating further details
of one embodiment of the power detector of the present
invention;

[0013] FIG. 5 is a flow chart illustrating steps performed by
the power detector in accordance with an illustrated embodi-
ment;

[0014] FIG. 6 illustrates software stored in a memory of the
power detector;
[0015] FIG. 7 illustrates a plurality of input parameters for

an exemplary embodiment of power calculation software;
[0016] FIG. 8 is a block diagram illustrating details of a
display, recording, or computing device in accordance with
an illustrated embodiment of the present invention;

[0017] FIG.9 illustrates software stored in a memory of the
display, recording, or computing device; and

[0018] FIG. 10 is a block diagram illustrating exemplary
input parameters for display, recording and/or recording
device software.

DETAILED DESCRIPTION OF THE DRAWINGS

[0019] For the purposes of promoting an understanding of
the principles of the invention, reference will now be made to
the embodiments illustrated in the drawings, which are
described below. The embodiments disclosed below are not
intended to be exhaustive or limit the invention to the precise
form disclosed in the following detailed description. Rather,
the embodiments are chosen and described so that others
skilled in the art may utilize their teachings. It will be under-
stood that no limitation ofthe scope of the invention is thereby
intended. The invention includes any alterations and further
modifications in the illustrated devices and described meth-
ods and further applications of the principles of the invention
which would normally occur to one skilled in the art to which
the invention relates. Corresponding reference characters
indicate corresponding parts throughout the several views.
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[0020] Referring to FIG. 1, afirst illustrated embodiment of
the present disclosure is shown. A system 10 includes a power
detector 12 configured to be located within the footwear 14
worn on a foot or other appendage of a body. As discussed
above, the term “body” used herein refers to a human, an
animal or a machine, such as a robot, which undergoes legged
locomotion. The power detector 12 coupled to footwear 14
calculates power generated by the body during legged loco-
motion such as walking or running.

[0021] Inthe embodiment of FIG. 1, power is calculated by
the power detector 12 and transmitted by a transmitter or
transceiver 16 to a remote display/recording device 18. In an
illustrated embodiment the transmitter/transceiver 16 and the
other components of the power detector 12 are included in an
integrated device or ASIC. In this embodiment, power detec-
tor 12 outputs a signal indicating calculated the power in
Watts generated by the body during legged locomotion. The
power output may be displayed on a display 18 or stored in a
memory of display/recording device 18 for future analysis.
The display/recording device 18 may be, for example, a
watch-type device worn by the user, eyeglasses worn by the
user that have an integrated display, or any other suitable
device. As discussed below, device 18 may allow the user to
receive cues such as notifications that certain upper and lower
power limits are being met. Such cues may be provided either
audibly or visually during an exercise activity without dis-
tracting the running or walking stride of the user. In the FIG.
1 embodiment, user inputs 20 are provided to allow a user to
control the system 10 to provide inputs to the power detector
12 and/or the display/recording device 18 such as the weight
of the body to calibrate the system as discussed in detail
below. The user inputs 20 may be integrated with the display/
recording device 18 or they may be separate inputs.

[0022] FIG. 2 illustrates another embodiment of the present
invention. In this embodiment, sensors 24 for the power
detector are located within footwear 14. Output(s) from the
sensors 24 are transmitted by a transmitter or transceiver 16 to
aremote processor 26. In an illustrated embodiment the trans-
mitter/transceiver 16 and the other components of the power
detector sensors 24 are included in an integrated device or
ASIC. The remote processor 26 is illustratively a component
of'a display/recording device 18. The display/recording/com-
puting device 18 may be a watch-type device worn by the
user. A separate auxiliary display device 28 may receive data
from device 18 for display. The auxiliary display device 28
may be eyeglasses having an integrated display, for example,
as discussed above. User inputs 20 may be provided to the
display/recording/computing device 18 or the auxiliary dis-
play device 28. The embodiment of FIG. 2 transmits output
signals from sensors, such as accelerometers 40 and force
sensors 44 discussed below, to processor 26 for the final
power calculation. By providing remote processing on pro-
cessor 26, power consumption by the sensor components 24
within the footwear 14 may be reduced.

[0023] In the embodiments of FIGS. 1 and 2, the power
detector 12 or sensors 24 for the power detector may be
located in one shoe or other footwear item worn by the body.
For human legged location, for example, having power
detected by power detector 12 in footwear 14 on only one leg
provides only half of the propulsion force generated by the
body. Therefore, power may be estimated by multiplying the
calculated power from power detector 12 or processor 26 by
a factor of two for humans. Another factor may be used for
four legged animals.
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[0024] FIG. 3 illustrates another embodiment of the present
invention in which a system 30 includes a first power detector
12 located in a first shoe 32 and a second power detector 12
located within a second shoe 34. By summing outputs from
the power detectors 12 in both shoes 32, 34, the total power
generated by the human body may be determined. A signal
representing power detected by both power detectors 12 is
transmitted by transmitters or transceivers 16 to a processor
36 or display/recording/computing device 18 which sums the
power detected by both power detectors 12. In an alternative
embodiment, sensors 24 may be provided in shoes 32, 34 and
the remote processor 36 calculates the power as described
above. Processor 36 may communicate with an auxiliary
display device 28 as discussed above. User inputs 20 may be
provided to the display/recording device 18 or the auxiliary
display device 28. In an alternative embodiment, processor 36
may be contained in one of the shoes 32 or 34, if desired.

[0025] Anillustrated embodiment of the power detector 12
of FIG. 1 is shown in FIG. 4. Power detector 12 includes at
least one accelerometer 40 for detecting acceleration of the
body. Illustratively one to three accelerometers 40 may be
used as part of the power detector 12. An exemplary single
accelerometer embodiment which may be used is described
in U.S. Pat. No. 6,356,856, which is incorporated herein by
reference. For more accurate power detectors 12, three accel-
erometers 40 are used to measure acceleration in X-axis,
Y-axis, and Z-axis directions. Exemplary three accelerometer
embodiments which may be used are described in U.S. Pat.
Nos. 5,955,667; 6,301,964; or 6,513,381, which are incorpo-
rated herein by reference. Outputs from the accelerometers 40
are coupled to a processor 42. An A/D converter and an
amplifier may be coupled between the accelerometers 40 and
processor 42.

[0026] The power detector 12 also includes at least one
force sensor 44. Illustratively two to four pressure sensors 44
are used at locations spaced relative to a foot of the body. For
example, in a four force sensor embodiment, force sensors 44
may be placed on medial and lateral sides of the foot, as well
as near the heel and the ball of the foot. For increased accu-
racy and more analysis capability, a greater number of force
sensors 44 may be provided. For example an array of 9-12
force sensors 44 located in the footwear 14 increases the
accuracy of force measurements during legged locomotion.
Any suitable force or pressure sensors 44 may be used in the
power detector 12. For example, force sensors described in
U.S. Pat. Nos. 4,814,661; 5,373,651; 5,925,001; or 7,426,
873; the disclosures of which are incorporated by reference
herein, may be used as force sensors 44. Outputs from force
sensors 44 are coupled to processor 42. A/D convertors and
amplifiers may be coupled between force sensors 44 and
processor 42, if necessary.

[0027] Power detector 12 further includes a timer or real
time clock 46, a memory 48, and a transmitter 16. Certain
embodiments of the power detector 12 may also include a
receiver 50. In these embodiments, a transceiver 16 is typi-
cally provided. The timer or clock 48 provides timing infor-
mation to the processor 42. Memory 48 stores software as
discussed below accessible by the processor 42 to perform
power calculations or other functions. The power generated
by the body or other data may be stored in memory 48 for later
retrieval and analysis. In an illustrated embodiment, the trans-
mitter/transceiver 16 is integrated into a single communica-
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tion device or ASIC. Clock 46 and memory 48 may be inte-
grated with the processor 42. A/D convertors may be included
as needed.

[0028] In an illustrated embodiment, the processor 42 is
coupled to transmitter/transceiver 16 which transmits the
power data to a remote location preferably by wireless trans-
mission. Instead of the transmitter 16, a port may be provided
for connecting the power detector 12 to a remote display/
recording/computing device 18 via a wired connection. Typi-
cally, such wired connection is done after the activity and the
data is retrieved from memory 48. Power detector 12 may also
have areceiver 50 to receive wireless data transmissions from
a remote device. Receiver 50 is coupled to processor 42.
Therefore, receiver 50 can receive inputs from user inputs 20
or the display/recording device 18 to change modes of opera-
tion, provide input parameters such as the weight of the body,
or provide other desired inputs to the power detector 12. In an
illustrated embodiment, a commercially recognized wireless
communication protocol is used by transmitter 16 and
receiver 50 so that the power detector 12 is compatible with
existing activity monitor products. For example, the ANT+
communication protocol may be used by transmitter 16 and
receiver 50.

[0029] Illustratively, power is calculated by processor 42 of
power detector 12 according to the following equation:

[0030] Power (P) is work (a force applied over a dis-
tance) done in a period of time

[0031] Force (F) exerted through a foot during running,
walking or other activity results in a reactive movement
of'the human, animal or machine. [llustratively a plural-
ity of propulsive force impulses are measured by the
force sensors 44.

[0032] A Distance (d) is travelled by the foot as a conse-
quence of the aforementioned force (F). This distance is
illustratively measured using accelerometers 40,
wherein the processor 42 performs a double integration
function on the acceleration signal to determine dis-
tance.

[0033] Time (1)1is calculated between force impulses and
provides the last variable necessary for a power calcu-
lation.

[0034] In an illustrated embodiment, the distance traveled
variable (d) may be estimated by the previously measured
distance because any two successive steps are generally simi-
lar in length. The body being tested is assumed to be unre-
strained. Therefore, if the force measured by the force sensors
is greater than the known mass the body, the body is consid-
ered to be accelerating. If the detected force is zero, than the
body’s foot is considered to be off the ground. For example,
the body may be airborne during the running mode and/or
supported by another foot during walking movement. When
measuring power using just one foot, only half of the total
propulsive force is measured. Total power is estimated by
multiplying by two for humans or by another factor for four
legged animals. Due to movement and flexure of the foot
relative to the ground, propulsive forces are generally normal
to a plane of the foot.

[0035] FIG.5 is a flowchart illustrating the steps performed
by processor 44 when calculating power. A force impulse is
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first detected by the plurality of force sensors 44 and mea-
sured as illustrated at block 52. After the force impulse is
measured, processor 42 starts the timer 46 as illustrated at
block 54 to begin timing the elapsed time between successive
force impulses which is the time between strides during
legged locomotion. Next, processor 42 calculates accelera-
tion based on inputs from accelerometers 40 as illustrated at
block 56. In an illustrated embodiment, processor 42 provides
a double integration function on the acceleration output from
the accelerometers 40 to calculate a distance moved by the
body as illustrated at block 58.

[0036] The distance calculated at block 58 is summed to
provide an overall distance traveled since the previous force
impulse was detected as illustrated at block 60. Processor 42
then determines whether the elapsed time has exceeded a
preset value, such as 5 seconds for example, as illustrated at
block 61. If so, the processor enters a sleep mode as illustrated
at block 62. The detection of another force impulse at block
52 causes processor 42 to exit the sleep mode and begin the
process again. If the elapsed time has not exceeded the preset
value at block 61, processor 42 then determines whether the
force detected by force sensors 44 is greater than zero as
illustrated at block 63. If the detected force is not greater than
zero at block 63, this indicates that the user’s foot is still off
the ground, so the processor 42 returns to block 56 to continue
calculating the acceleration and sum the total distance trav-
eled.

[0037] If the force is greater than zero at block 63, this
indicates a new force impulse has been generated by the
footwear 14 striking the ground. Processor 42 then stops the
timer for the current stride as illustrated at block 64. There-
fore, processor knows the force for a particular stride as
measured at block 52, the distance for the stride as measured
at blocks 56-60, and the time of the stride as determined at
block 64. Therefore, using the equation above, processor 42
calculates power generated by the body during the current
stride of legged locomotion as illustrated at block 66. The
calculated power may be transmitted to a remote display/
recording device 18 by transmitter 16 as illustrated at block
68. Other metrics such as cadence, distance travelled, and/or
velocity may also be calculated and transmitted at block 68.
Processor 42 measures the force impulse which triggered a
“Yes” response at block 63 to begin the loop again at block 52.

[0038] As discussed above, processor 42 has access to
memory 48 and executes software stored in the memory 48 of
power detector 12. As illustrated in FIG. 6, memory 48
includes power calculation software 70, other metric calcu-
lation software 71, communications software 72, and calibra-
tion software 74. Metric calculation software 71 may calcu-
late other metrics such as cadence, distance travelled, velocity
and the like. The communications software 72 initializes and
configures the communication device/ASIC. Once running,
communication may occur by writing a value to be transmit-
ted to a register. Memory 48 may also include a database 76 of
foot force wave forms. This database 76 may include sample
force wave forms (output signals from force sensors 44) gen-
erated by users under various conditions to help analyze force
wave forms received from the pressure sensors 44. Memory
48 may also include stride detection software 78 and running
style detection software 80 as discussed below. Database 76,
stride detection software 78 and running style detection soft-
ware 80 are preferably stored in memory 100 of display/
recording/computing device 18 as discussed below.



US 2011/0054809 Al

[0039] Illustrative input parameters to power calculation
software 70 are shown in FIG. 7. As discussed above, the
power calculation software 70 uses inputs from the acceler-
ometers 40 and force sensors 44 to calculate the power gen-
erated by the body. The power generated (in Watts) is pro-
vided as an output from the power calculation software 70 as
illustrated at block 82. For the FIG. 2 embodiment, an uncor-
rected power value may be transmitted for processing by the
display/recording/computing device 18. In alternative
embodiments, the power calculation software may receive
inputs from a timer 84. In addition, a weight of the body may
be used as an input parameter for calibration as illustrated at
block 86.

[0040] Communication software 72 stored in memory 48
provides communication between the processor 42 and the
remote display/recording/computing device 18 via transmit-
ter 16 and/or receiver 50. As discussed above, communica-
tions software 72 uses a conventional communication proto-
col such as ANT+ for communicating with remote devices.
[0041] Calibration software 74 stored in memory 48 is
executed by the processor 42 to calibrate force sensors 44 to
the known weight of the user. The weight may be input to the
force detector 12 using various user inputs 20 discussed
above. When the force detected by force sensors 44 is greater
than a known mass of the body, processor 44 determines that
the body is in motion. The calibration software 74 therefore
provides a scaling factor that is used to correct the power
calculation and determine when the body is in motion. Fur-
ther details of calibration are discussed below.

[0042] FIG. 8 illustrates an exemplary display, recording,
and/or computing device usable with the force detector of the
present disclosure. As discussed above, the device 18 may be
a watch-type device worn by a user during the activity. The
device 18 illustratively includes a display 90, a speaker 92
and/or other indicator 94. Indicator 94 may be lights, vibra-
tion devices, or other suitable indicators. The display/record-
ing/computing device 18 may also include the plurality of
user inputs such as push buttons, a key pad, a touch screen, or
other inputs. Inputs 20 are coupled to a processor 96. Proces-
sor 96 is also coupled to display 90, speaker 92, and other
indicators 94. Processor 96 may also be coupled (preferably
wirelessly) to an auxiliary display device 28, such eyeglasses
with an integrated display worn by the user, or other suitable
display.

[0043] Device 18 may also include a timer or real time
clock 98, amemory 100, atransmitter 102, and a receiver 104.
Iustratively, a transceiver provides the function of transmit-
ter 102 and receiver 104. Timer or clock 98 provides timing
information to the processor 96. Memory 100 stores software
or databases accessible by the processor 96 to perform a
plurality of functions. Transmitter 102 allows device 18 to
send information to a remote location such as to another
computing device, the auxiliary display device 28, or to the
power detector 12. Receiver 104 allows device 18 to receive
information such as power data from power detector 12.
Memory 100 illustratively stores data/recording device soft-
ware illustrated at block 106 in FIG. 9. The data/recording
device software 106 is accessible and executable by the pro-
cessor 96 to perform various functions and to provide outputs
to the display 90 or 28 or for storage in databases of memory
100.

[0044] As discussed above, processor 96 has access to
memory 100 and executes display/recording/computing
device software 106 stored in the memory 100 of display/
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recording/computing device 18. As illustrated in FIG. 9, dis-
play/recording/computing device software 106 stored in
memory 100 includes power calculation software 120, other
metric calculation software 121, communications software
122, and calibration software 124. Metric calculation soft-
ware 121 may calculate other metrics such as cadence, dis-
tance travelled, velocity and the like. The communications
software 122 initializes and configures the communication
device/ASIC. Once running, communication may occur by
writing a value to be transmitted to a register. Memory 100
may also include a database 126 of foot force wave forms.
This database 126 may include sample force wave forms
(output signals from force sensors 44) generated by users
under various conditions to help analyze force wave forms
received from the pressure sensors 44. Memory 100 may also
include stride detection software 128 and running style detec-
tion software 130 as discussed below.

[0045] Stride detection software 128 stored in memory 100
is accessible by the processor 96 to provide a self-correcting
algorithm which determines whether the body is in a walking
stride or a running stride. Dynamics and force wave forms
vary according to the mode of locomotion, such as whether
the body is running or walking Stride detection software 128
may access foot force wave forms stored in database 126 to
compare the current force signals from force sensors 44 and
determine whether the body is walking or running.

[0046] Running style detection software 130 stored in
memory 100 is accessible by the processor 96 to provide a
self-correcting algorithm for the force calculation based on a
running style of the body being tested. Different dynamics
and force wave forms are generated by flat-footed runners,
heavy heel strikers, or runners that run on the balls of their
feet. The type of running style may be entered using an user
input 20 or may be determined automatically by the running
style detection software 130. Running style detection soft-
ware 130 may access foot force wave forms stored in database
126 to determine the running style of the particular user and
compensate or adjust the power calculation based on the
running style.

[0047] FIG. 9 illustrates input parameters that may be pro-
vided to the display/recording device software 106. The out-
put from power detector 12 is a power generated input 108.
The display/recording device software 106 may also receive
inputs from a heart rate sensor 110, a GPS sensor 112, a
lactate sensor 114, and/or a blood oxygen sensor 116. The
display/recording device software 106 may link the power
calculated by power detector 12 to the heart rate, location,
lactate level, and/or blood oxygen level data of the user to
permit a detailed analysis of the exercise activity by compar-
ing different physiological parameters to the power generated
by the body. The power generated may also be linked to a map
via the GPS sensors to provide a visual indication of power
expended at various locations during running a particular
route.

[0048] One illustrated force sensor configuration includes
at least one sensor located under the heel of the foot and at
least one sensor located under the forefoot. To maintain an
acceptable level of accuracy, a calibration of the system may
be performed by calibration software 74, 124. One illustrated
embodiment includes three calibration modes, two modes for
the force sensor array 44 and one mode for velocity/distance
measurement sensors 40. A first calibration mode is per-
formed at less regular intervals (such as upon initial setup,
after battery changes, or when deemed necessary by the user).
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This first calibration mode is a two-point calibration adjusting
the measurement system to two datums. The first datum is
zero force. [llustratively, the user uses user inputs 20 to put the
controller into the first calibration mode. The user is then
prompted to jump (up to three times possibly) and the system
uses the minimum voltages from the force sensors 44 as a zero
force set point. Next, the user is prompted to enter the user’s
weight using the user input 20. Once entered, the user is
prompted to stand in place. The aggregate force from force
sensors 44 is computed and a calibration coefficient is calcu-
lated based on the user weight. A second calibration mode is
also performed at less regular intervals such as upon initial
setup, after battery changes, or when deemed necessary by
the user. The second calibration mode provides a correction
coefficient to the speed/distance measurement from sensors
40. When prompted, the user selects a distance to run, such as
a 400 m or 5 km course, and begins to run. Upon conclusion
of the run, the system obtains a calibration coefficient based
on a comparison of the actual distance to the calculated dis-
tance. The third calibration mode provides a calibration of the
system prior to each use and is initiated automatically. When
prompting the power detector 12 to start measurement and
after communication with the sensors is initiated, the user’s
weight will be validated and the user’s prompted to stand in
place. This will provide an updated single point calibration of
the force sensor array 44.

[0049] The recent prevalence of miniature sensors and inte-
grated communication ASICS provides many options for the
components of the insole sensor devices 12, 16, 24. However,
the integration of these components into a package presents
some challenges. An insole installed inside a shoe and used
during running introduces a hostile environment that includes
high levels of shock and moisture among other environmental
concerns. The integration of a wireless communication
device makes this all the more challenging. The salient char-
acteristics of the insole device are low mass, flexibility of the
forefoot area of the insole, and the ability to survive the
intended environment. In one embodiment, the user may
replace a battery in the footwear. An illustrated embodiment
includes a compact circuit board that contains power devices,
a small MCU, the accelerometers 40, the communication
ASIC, the battery, connection to an antenna, and connection
to the force sensors 44. This circuit board is illustratively
located in a midfoot area of the insole. The circuit board is not
intended to be a serviceable item. Therefore, the assembly
may be potted to increase the reliability. The section of the
midfoot where this assembly is installed should be reasonably
stiff to protect the electronics from flexure and may be inte-
grated into an injection-molded plastic structure. The remain-
der of the insole assembly may be made of an elastomeric
material to accommodate flexure of the user’s foot. An illus-
trated method of manufacture comolds the electronics pack-
age, antenna, and force sensors 44 into a single assembly.
Preferably this assembly is podiatrically neutral, thin
throughout, and does not interfere with the user’s choice of
insole which includes orthotic inserts. Further, this insole
may be molded in a limited number of sizes (2-3 sizes) to
accommodate a range of foot sizes. A single size may not be
possible because location of the force sensors relative to the
geometry of the foot is necessary. However, a small number of
different sizes may provide compatibility with the greatest
number of users and maximize accuracy. The insole may have
a range of “adjustment” to provide the proper fit by means of
trimming the forward edge of the insole.
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[0050] A challenge for the power measurement system is
the difference in biomechanics between running and walking
and the desire to accurately measure power generated during
both modes of locomotion. Upon initialization and com-
mencement of the workout, the system determines the mode
of locomotion. Running locomotion has a ballistic phase
where both feet are off the ground at one point. It is assumed
that most users of this system will be running, so the default
algorithm is for running. However, during each measurement
cycle (of two steps/strides) the system will determine if there
was a ballistic phase (a point where F, ;=0 ANDF,,,=0). It
there is no ballistic phase, the walking algorithm will be used.
Again, during the walking algorithm, the system will look for
a ballistic phase and will choose the appropriate mode. The
force and speed measurement of the two modes oflocomotion
are the same. Force and speed data looks much different for
these modes especially when overlaid for both feet. Prompt
discrimination by the algorithms maintains accuracy.

[0051] A challenge exists in the measurement of foot veloc-
ity and displacement in accelerometer based systems that
currently exist on the market. The present system benefits
from having pressure/force measurements on the foot. By
using references on the pressure signal, isolation of the
desired acceleration data from accelerometers 40 is obtained.
Integration of the signal illustratively commences when the
sum of pressure sensors 44 for one foot is equal to zero.
Integration stops (average velocity and distance data for the
foot movement) when a pressure greater than zero is
recorded. Noise will exist on the pressure signals so it may be
necessary to substitute a fraction of user weight for zero in the
algorithm. For example, the acceleration integration may
begin when the force sensor reading is <25% of the user’s
weight and the integration may stop when the force sensor
reading is >25% of the user’s weight.

[0052] The present system may calculate the force impulse
exerted during the drive phase of running which is used to
perform the power calculation. The drive phase is preceded
by the support phase whereby the foot lands on the running
surface and results in a force imparted normally through the
foot. This force is not propulsive and can be characterized as
an inelastic collision when the runner loses kinetic energy.
The musculature of the leg performs work to support the
runner against the force of gravity and move the runner to the
drive phase of the gait. At slower running speeds, there exists
a short period between the support and drive phase where the
force exerted through the foot (insole device) is equal to the
weight of the runner. During the drive phase of the gait, a
force is exerted through the supported leg to propel the runner
in a ballistic manner. In an illustrated embodiment, the pres-
sure/force impulse of the drive phase may be isolated for the
power calculation. However, it is not required. Because
power measurement devices for runners are not currently
available there is not a standardized method of extracting
power from gait dynamics. The software may scale the force
impulse (from 0 to 100%) during the power calculation. Indi-
vidual runners exert unique forces each during the support
and drive phases. Ifthe user has access to a running ergometer
(treadmill) it is possible to perform a higher level of system
calibration.

[0053] An illustrative embodiment of the present system
includes means for providing software updates to the display/
recording/computing device 18, and possibly to the power
detector 12. Minimizing the calculation and analysis per-
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formed within the power detector insole device 12 may pre-
clude the need for this capability in the insole devices.

[0054] While one illustrated embodiment of the power
measurement system for legged locomotion is for human
beings, a similar system may also be used for equine or other
applications. Thoroughbred horses present unique challenges
and dynamic field performance data that can be obtained from
these “athletes” is limited. A power measurement system may
be adapted for equine use by means of a horseshoe that has
integrated force and speed measurement. The dynamics for
equine locomotion are different and require modified algo-
rithms, but the overall concept is very similar. Structural
differences between the feet of humans and the hooves of
horses allows a simplified force measurement system for
equine use. For example, a single force sensor may suffice.

[0055] Depending on the sensors that are used, the control-
lerunit may be ableto display inreal time such info as: current
power, average power (for the workout or interval), pace,
cadence, distance traveled, heart rate, lactate level, and
elapsed time (for the workout or interval). The unit may
provide continuous display of sensor status and whether cur-
rent power is above or below average power (for the entire
workout or interval based on controller mode). Additional
information may be available post-workout, preferably once
the data is downloaded to a personal computer (PC) contain-
ing an analysis software suite.

[0056] Part of the PC software suite includes a Symmetry
Analysis Module that provides visual depiction of imbal-
ances between the left and right foot. A single plot may
simultaneously display on a bar graph: average power (left
and right), average force (left and right), average stride length
(left and right) and average foot velocity (left and right). This
information may be used to diagnose issues with the runner’s
biomechanics and provide clues for improving running form.
Further, changes in the Symmetry Analysis may be indicative
of onset of injury or other weaknesses.

[0057] Part of the PC software suite may include Efficiency
Analysis Module that calculates a unique metric of Pace/
Power. This metric may be tracked over time to determine
changes in efficiency and make evident areas of inefficiency.
Efficiency is variable upon pace. That is to say that a runner is
more efficient at marathon distances than 100 m sprints.
Additionally, a “specific efficiency” metric can be calculated
which divides the efficiency by mass to remove the differ-
ences resulting from varying user weights. The present sys-
tem has the capability to measure the full force impulse con-
taining both support and drive phases of running. As such, a
gait that has a large inelastic collision component (lost
energy) will increase measured power and result in a lower
efficiency given a held speed. If auser has a more economical/
efficient gait, these inelastic losses may be reduced and
increases in efficiency will be observed/reported.

[0058] Part of the PC software suite may also include
Physiological Analysis Module that compares physiological
measurements obtained from the system (e.g. heart rate and
lactate level) to power and speed data. Using the software to
compare this data can provide insightful information regard-
ing level of effort/pacing at VO2 max levels and functional
threshold levels.

[0059] Communication between the sensors, control
device, display devices, and computer interface is preferably
wireless in nature and preferably uses an existing and suc-
cessfully adopted communication protocol. One such proto-
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col is called ANT+ and a family of low-power ASICS are
available that suit this application.

[0060] The preferred control device 18 is a watch-type
deviceworn on auser’s wrist. An LCD or LED display may be
used to show all desired data in real time. Studies indicate that
runners must “break stride” each time they view a wrist
device, so an alternate means of conveying information is
useful. This could be audible, by other means (vibration), or
through an additional auxiliary display device 28 discussed
above. The device 18 has sufficient memory 100 to store data
from all the sensors 40, 44. Device 18 also has sufficient
processing power to derive all parameters displayed in real-
time (power, distance, etc). Device 18 further has a means of
wireless communication to interface with all sensors 40, 44,
display devices, and interfaces to personal computers.
[0061] As previously described an additional display
device 28 may be integrated into an item such as eyeglasses
that provides a continuous display of data that is available to
the user without impacting their running performance. This
device projects information into the runner’s field of vision
and maintain wireless communication with the display/re-
cording/computing device 18.

[0062] Lactate is a byproduct of anaerobic metabolism and
at high levels of intensity increasing levels of lactate limit the
performance of an athlete. A “lactate threshold” exists which
is usually defined as the level of intensity at which the athlete
can possibly sustain for 40 minutes to one hour (also called
the functional threshold). Elite athletes have lactate levels
measured in blood samples to help ascertain their lactate or
functional thresholds. The technology currently exists for
individuals afflicted with diabetes to continuously monitor
blood glucose levels using a surface mounted subcutaneous
sensor that maintains wireless communication with a control
device. Similar technology may be used to implement a lac-
tate sensor which is part of this power measurement system.
[0063] While this invention has been described as having
an exemplary design, the present invention may be further
modified within the spirit and scope of this disclosure. This
application is therefore intended to cover any variations, uses,
or adaptations of the invention using its general principles.
Further, this application is intended to cover such departures
from the present disclosure as come within known or custom-
ary practice in the art to which this invention pertains.

1. A method for calculating power generated by a body
during legged locomotion comprising:

providing at least one accelerometer to measure accelera-

tion of the body during legged locomotion;

providing at least one force sensor to measure a plurality of

propulsive force impulses created by the body during
legged locomotion; and

calculating the power generated by the body during legged

locomotion using output signals from both the at least
one accelerometer and the at least one force sensor.

2. The method of claim 1, wherein three accelerometers are
provided to measure acceleration of the body in an X-axis
direction, in a Y-axis direction, and in a Z-axis direction.

3. The method of claim 1, wherein a single accelerometer is
used to measure acceleration of the body.

4. The method of claim 1, wherein a plurality of force
sensors are located in a spaced apart array and located in a
footwear item worn on the body.

5. The method of claim 1, wherein the at least one accel-
erometer and the at least one force sensor are located in an
insole configured to fit within a shoe.
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6. The method of claim 1, further comprising transmitting
a signal indicative of the calculated power to a remote loca-
tion.

7. The method of claim 1, wherein the calculating step
comprises:

detecting a plurality of force impulses based on output

signals from the at least one force sensor;

determining the distance traversed between successive

force impulses based on output signals from the at least
one accelerometer;

determining an elapsed time between the successive force

impulses; and

calculating power based upon the magnitude of the force

impulse, the distance traversed between successive
force impulses, and the elapsed time.

8. The method of claim 1, further comprising providing an
indication related to the calculated power on an indicator.

9. The method of claim 8, wherein the indicator is a graphi-
cal display.

10. The method of claim 8, wherein the indicator is one of
an audible indication, a visual indication, and a vibration.

11. The method of claim 1, wherein the calculating step
includes providing at least one accelerometer and at least one
force sensor on each leg of the body, calculating power gen-
erated by each leg of the body, and summing the power
generated by the legs to calculate total power generated by the
body during legged locomotion.

12. The method of claim 1, further comprising comparing
the power calculated with at least one physiological sensor
output signal.

13. The method of claim 12, wherein the at least one
physiological sensor is at least one of a heart rate sensor, a
blood oxygen sensor, and a lactate sensor.

14. The method of claim 1, wherein output signals from the
at least one accelerometer and the at least one force sensor are
transmitted to a remote computing device which performs the
calculating step.

15. The method of claim 1, further comprising calibrating
the at least one force sensor based upon a weight of the body.

16. A system to calculate power generated by a body during
legged locomotion, the system comprising:

at least one accelerometer to measure acceleration of the

body during legged locomotion;

at least one force sensor to measure a plurality of propul-

sive force impulses created by the body during legged
locomotion; and

aprocessor configured to calculate the power generated by

the body during legged locomotion using output signals
from both the at least one accelerometer and the at least
one force sensor.

17. The system of claim 16, wherein three accelerometers
are provided to measure acceleration of the body in an X-axis
direction, in a Y-axis direction, and in a Z-axis direction.

18. The system of claim 16, wherein a single accelerometer
is used to measure acceleration of the body.
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19. The system of claim 16, wherein a plurality of force
sensors are located in a spaced apart array and located in a
footwear item worn on the body.

20. The system of claim 16, wherein the at least one accel-
erometer and the at least one force sensor are located in an
insole configured to fit within a shoe.

21. The system of claim 16, further comprising a transmit-
ter coupled to the processor to transmit a signal indicative of
the calculated power to a remote location.

22. The system of claim 16, wherein the processor is pro-
grammed with software to detect and measure a plurality of
force impulses based on output signals from the at least one
force sensor; to determine a distance traversed between suc-
cessive force impulses based on output signals from the at
least one accelerometer; to determine an elapsed time
between the successive force impulses; and to calculate
power based upon the magnitude of the force impulse, the
distance traversed between successive force impulses, and the
elapsed time.

23. The system of claim 16, further comprising an indicator
coupled to the processor, the indicator providing an indication
related to the calculated power on an indicator.

24. The system of claim 23, wherein the indicator is a
display.

25. The system of claim 23, wherein the indicator is one of
an audible indicator, a visual indicator, and a vibrator.

26. The system of claim 16, wherein at least one acceler-
ometer and at least one force sensor are located on each leg of
the body, and the processor calculates power generated by
each leg of'the body and sums the power generated by the legs
to calculate total power generated by the body during legged
locomotion.

27. The system of claim 16, further comprising at least one
physiological sensor coupled to the processor, the processor
comparing the power calculated with at least one physiologi-
cal sensor output signal.

28. The system of claim 27, wherein the at least one physi-
ological sensor is at least one of a heart rate sensor, a blood
oxygen sensor, and a lactate sensor.

29. The system of claim 16, wherein processor is located in
a remote computing device spaced apart from the at least one
accelerometer and the at least one force sensor, and further
comprising a transmitter configured to transmit the output
signals from the at least one accelerometer and the at least one
force sensor to the remote computing device which calculates
the power generated by the body during legged locomotion.

30. The system of claim 16, wherein the processor is pro-
grammed with software to calibrate the at least one force
sensor based upon a weight of the body.
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