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Description

Background of the Invention

1. Field of the Invention

[0001] The present invention relates to the monitoring
of the orthopedic motion of a person and, more particu-
larly, to the measuring of foot contact time, foot loft time,
speed and/or pace of a person in locomotion.

2. Discussion of the Related Art

[0002] It is known that useful information may be de-
rived from the measurement of the "foot contact time" of
a person in locomotion, wherein "foot contact time" refers
to the period of time that a foot of a person is in contact
with the ground during a stride taken by the person. Once
the foot contact time of a person is known, other infor-
mation, such as rate of travel, distance traveled and am-
bulatory expended energy may be calculated based upon
this measured foot contact time.
[0003] In the past, foot contact time has been meas-
ured by placing pressure-sensitive sensors or switches,
such as resistive sensors, in both the heel and toe por-
tions of the sole of a shoe, and measuring a time differ-
ence between a first signal output by the heel sensor
(which indicates that the foot has made physical contact
with the ground) and a second signal output by the toe
sensor (which indicates that the foot has left the ground).
These sensors, however, are subjected to a high-impact
environment inside of the shoe, and therefore fail fre-
quently. In addition, inaccurate foot contact time meas-
urements may result when a user is taking strides during
which either the heel sensor or the toe sensor is not ac-
tivated, for example, when a user is running on his or her
toes. A device of this type is known from EP 119,009.
[0004] Another device well-known in the art is a ped-
ometer. A pedometer typically is mounted on the waist
of a user and is configured to count the footsteps of the
user by measuring the number of times the user’s body
moves up an down during footsteps taken by the user.
A well-known prior art pedometer design uses a weight
mounted on a spring to count the number of times that
the user’s body moves up and down as the user is walk-
ing. By properly calibrating the pedometer according to
a previously measured stride length of the user, the dis-
tance traveled by the user may be measured by this de-
vice. These "weight-on-a-spring" pedometers, however,
generally cannot measure the distance traveled by a run-
ner because the weight experiences excessive bouncing
during running and footsteps are often "double-counted"
because of this bouncing, causing the pedometer to pro-
duce inaccurate results. These devices, therefore, may
not be used across different training regimes (e.g., walk-
ing, jogging, and running).
[0005] Another prior art pedometer device uses an ac-
celerometer to measure the number of times that a foot

impacts the ground when a user is in locomotion. That
is, an accelerometer is mounted on a shoe so as to pro-
duce a signal having pronounced downward going peaks
that are indicative of moments that the foot impacts the
ground. These devices therefore produce results similar
to the prior art weight-on-a-spring pedometer devices in
that they merely count the number of footsteps of a user,
and must be calibrated according to the stride length of
the user in order to calculate the distance traveled by the
user. Thus, these accelerometer-based devices are sub-
ject to similar limitations as are the weight-on-a-spring
devices, and are not able to measure the foot contact
time of a user in locomotion.
[0006] GB2,278,198 discloses an accelerometer for
measuring foot contact time, which is attached to the low-
er limb of a human or animal subject. However, the signal
processing applied to the accelerometer signal deter-
mines the fitness condition of the subject’s limb or the
state of the surface impacted by the limb. Determination
of the speed of travel is not considered.
[0007] WO97/21983 discloses a plurality of acceler-
ometers and rotational sensors for measuring the move-
ment of a person, which are mounted on the person’s
foot. The accelerometer signals are integrated to obtain
displacement values in each dimension. The speed of
movement can then be calculated from the horizontal
displacement value. No reference to the determination
of foot contact time is made.
[0008] If is therefore a general object of the present
invention to provide a new approach to pedometry that
is affordable, reliable, easy to use and accurate.

Summary of the Invention

[0009] A method and an apparatus are disclosed in
which an output of a motion sensing device that does not
require compression forces thereon to sense motion is
used to determine: (1) instances at which a foot of a user
in locomotion leaves a surface, and (2) instances at which
the foot of the user impacts the surface. By measuring
the time difference between each instance at which the
foot impacts the surface and the following instance at
which the foot leaves the surface, several periods of time
that the foot was in contact with the surface during strides
taken by the user, i.e., several foot contact times, may
be measured accurately and reliably. By calculating an
average of these several measured foot contact times,
an average foot contact time may be determined, from
which information such as the pace of the user, rate of
travel, distance traveled, etc., may be calculated. Addi-
tionally, by measuring time differences between the in-
stances at which the foot of the user leaves the surface
and the following instances at which the foot impacts the
surface, the average period of time that the foot was not
in contact with the surface, i.e., the average foot loft time,
between strides taken by the user also may be calculated.
[0010] According to another aspect, the output of the
motion sensing device also may be used to determine a
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moment that the foot comes into contact with the surface.
[0011] According to yet another aspect, a foot contact
time may be determined based upon a difference be-
tween the moment that the foot comes into contact with
the surface and the moment that the foot leaves the sur-
face, or a foot loft time may be determined based upon
a time difference between the moment that the foot
leaves the surface and the moment that the foot comes
into contact with the surface.
[0012] According to yet another aspect of the invention,
the measured foot contact time may be used to determine
the rate at which a user is moving relative to the surface.
Further, by measuring the time interval that the user is
in locomotion, the distance that the user has traveled
may be determined by multiplying the rate at which the
user is moving by the time interval during which the rate
measurement was determined.
[0013] According to another aspect of the invention, a
device for analyzing the motion of a foot relative to a
surface includes a motion sensing device that does not
require compression forces thereon to sense motion and
a signal processing circuit. The motion sensing device is
supported in relation to the foot and is configured and
arranged to provide an output signal indicative of motion
of the foot. The signal processing circuit is coupled to the
motion sensing device to receive the output signal from
it, and is configured to analyze the output signal to de-
termine at least one moment that the foot leaves the sur-
face.
[0014] According to another aspect of the invention,
the motion sensing device is an accelerometer.
[0015] According to another aspect, the processing cir-
cuit may also be configured to analyze the output signal
to determine at least one moment that the foot makes
contact with the surface.
[0016] According to yet another aspect, the processing
circuit may be configured to: (1) analyze the output signal
to determine at least one time period that the foot was in
contact with the surface during at least one stride taken
by the foot; and/or (2) analyze the output signal to deter-
mine at least one time period that the foot was not in
contact with the surface between strides taken by the
foot.
[0017] The invention is defined by the independent
claim and further embodiments are defined by the de-
pendent claims.

Brief Description of the Drawings

[0018]

Figure 1 is a block diagram of a network in which the
present invention may be used;
Figure 2 is an illustration showing how the invention
may be mounted with respect to a user;
Figure 3 is a block diagram of a system in which the
invention may be used;
Figure 4 is a block diagram of one embodiment of a

circuit according to the present invention;
Figure 5 is a schematic diagram of the circuit shown
in Figure 4;
Figure 6 is a pair of graphs showing signals at two
nodes of the circuit shown in Figure 5 during a period
in which a user is walking;
Figure 7 is a pair of graphs that compare the ampli-
fied/filtered output of the accelerometer according to
the invention with data obtained using prior art re-
sistive sensors during a period that a user is walking;
Figure 8 is a pair of graphs showing signals at two
nodes of the circuit shown in Figure 5 during a period
in which a user is running;
Figure 9 is a pair of graphs that compare the ampli-
fied/filtered output of the accelerometer according to
the invention with data obtained using prior art re-
sistive sensors during a period that a user is running;
Figure 10 is a high-level flow diagram of a continu-
ous-loop portion of a method for measuring foot con-
tact time according to the invention;
Figure 11 is a high-level flow diagram of an interrupt
portion of the method for measuring foot contact time
according to the invention;
Figure 12 is a more detailed flow diagram of the con-
tinuous-loop portion of the method shown in Figure
10;
Figure 13 is a more detailed flow diagram of the in-
terrupt portion of the method shown in Figure 11; and
Figure 14 is a graph illustrating how the pace of a
user in locomotion may be detennined based upon
the average measured foot contact time of a foot of
the user.

Detailed Description of the Invention

[0019] Figure 1 shows a block diagram of a network
70 in which the present invention may be used. As shown,
network 70 includes network processing circuitry 30, a
memory unit 28, a user interface 32, a display 26A, and
an audio or vibrational indicator 26B. Network processing
circuitry 30 also is coupled to receive inputs from one or
more monitoring devices, such as foot contact time/foot
loft time generators 20A and 20B, heart rate monitor 22,
and respiratory monitor 24. The devices shown in Figure
1 may be linked together, for example, via direct wiring
or capacitive coupling, by using radio-frequency (RF) or
infa-red (IR) transmitters/receivers, or by any other infor-
mation transmission medium known to those skilled in
the art.
[0020] Network processing circuitry 30 may include a
personal computer, or any other device capable of
processing information from the various inputs of network
70. Memory unit 28 is coupled to network processing
circuitry 30 and is used to store programming and data
for network processing circuitry 30 and/or to log data
processed by circuitry 30. User interface 32 also is cou-
pled to network processing circuitry 30 and permits a
user, e.g., a walker, jogger or runner, to select a particular
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feature implemented by operation of a software routine,
to input particular operating parameters, or to select par-
ticular outputs for display 26A and/or audio or vibrational
indicator 26B. Heart rate monitor 22 and respiratory mon-
itor 24 operate according to known methods and supply
inputs to network processing circuitry 30.
[0021] Each one of foot contact time/foot loft time gen-
erators 20A and 20B operates according to the present
invention and supplies a separate input to network
processing circuitry 30. By receiving information from the
outputs of foot contact time/foot loft time generators 20A
and 20B, heart rate monitor 22, and respiratory monitor
24, as well as inputs from any other type of electronic
health monitoring device, network processing circuitry 30
is able to process all such information and provide a user
with a fitness metric, to help the user attain a peak fitness
level in the most efficient manner possible, or other health
related information, useful for physical therapy, recovery,
etc.
[0022] Figure 2 illustrates how a device according to
the invention may be mounted on a user. Each of devices
20A-20C shown in Figure 2 has a particular axis in which
it senses acceleration, i.e., an acceleration sensing axis.
According to one embodiment of the invention, each of
the devices should be mounted such that the acceleration
sensing axis of the device is oriented substantially par-
allel to a bottom surface of the foot of the user. For ex-
ample, device 20A is mounted on the ankle of the user,
device 20B is mounted on or within the shoe of the user,
and device 20C is mounted on the waist of the user, with
the acceleration sensing axises of the devices being ori-
ented as indicated by arrows 80A, 80B and 80C, respec-
tively. In each case, this positioning of the acceleration
sensing axis has been found to produce an output signal
that is most strongly indicative of both: (1) the moment
at which the foot of the user leaves the surface, and (2)
the moment at which the foot of the user comes into con-
tact with the surface. It is hypothesized that this is true
because a large portion of the change in acceleration
sensed by the device is caused by the friction between
the shoe of the user and the surface, rather than being
caused primarily by the impact of the shoe with the sur-
face, as is the case with prior art accelerometer-based
pedometers.
[0023] Figure 3 shows a system 72 according to the
present invention. As shown, the system 72 includes a
foot contact time/foot loft time generator 20 (which could
correspond to either of foot contact time/foot loft time
generators 20A and 20B in Figure 1), a memory unit 54,
a user interface 58, a display 56A, and an audio or vibra-
tional indicator 56B. According to one embodiment, foot
contact time/foot loft time generator 20 includes a micro-
controller having virtually all circuitry, e.g., memory, tim-
ers and analog-to-digital (A/D) converters, on board, so
that memory unit 54 need only be used to perform func-
tions such as permanently storing data produced by foot
contact time/foot loft time generator 20.
[0024] User interface 58 may be activated convention-

ally by means of buttons, switches or other physically
actuated devices, or may be voice activated using a com-
mercially available voice activation device. As discussed
in more detail below, user interface 58 may be used, for
example: (1) to adjust any of several parameters used in
a software routine according to the invention, (2) to select
any of several possible outputs for the user, e.g., outputs
could be displayed on display 56A or could provide a
user with an audio or vibrational indication via audio or
vibrational indicator 56B, or (3) to select features which
are implemented through software routines called auto-
matically responsive to user inputs.
[0025] Figure 4 shows an exemplary embodiment of
the foot contact time/foot loft time generator 20 shown in
Figure 3. As shown, foot contact time/foot loft time gen-
erator 20 includes an accelerometer 34, an amplifier cir-
cuit 38 (which has a high-pass filter 36 included within
it), and a micro-controller 40. An output of accelerometer
34 is connected to an input of amplifier circuit 38, and an
output of amplifier circuit 38 is connected to an input of
micro-controller 40.
[0026] Figure 5 shows the foot contact time/foot loft
time generator 20 shown in Figure 4 in more detail. As
shown in Figure 5, output 50 of accelerometer 32 is pro-
vided to an input capacitor C1 included in amplifier circuit
38. Amplifier circuit 38 further includes operational am-
plifier 62 and resistors R1-R4. According to one embod-
iment, accelerometer 32 may comprise part number
ADXL250, manufactured by Analog Devices, Inc., and
operational amplifier 62 may comprise part number
MAX418 produced by MAXIM, Inc.
[0027] As shown in Figure 5, resistor R1 is connected
between input capacitor C1 and the inverting input of
operational amplifier 62, and resistor R2 is connected in
feedback between the inverting input terminal and output
52 of operational amplifier 62. Thus, the combination of
input capacitor C1 and resistor R1 form a high-pass filter,
and the position of resistors R1 and R2 place the amplifier
circuit in an inverting configuration with a gain-factor de-
pendent on the relative values of resistors R1 and R2. In
the embodiment shown, resistor R2 has a value of one
mega-ohm and resistor R2 has a value of 150 kili-ohms,
so that the gain factor of the amplifier is approximately
(-6.6). In addition, according to the embodiment shown,
capacitor C1 has a value of 0.15 microfarads, so that
high-pass filter section 36 of amplifier circuit 38 cuts off
input signal frequencies that are less than approximately
7.07 hertz.
[0028] Resistor R3 is connected between VCC supply
node 44 and the non-inverting input 60 of operational
amplifier 62, and resistor R4 is connected between non-
inverting input 60 and ground node 42. VCC supply node
44 is maintained at approximately 5 volts (e.g., regulated
from a six-volt battery) in relation to ground node 42, and
resistors R3 and R4 are of equal values (e.g., 50 kili-
ohms each) so that the voltage at non-inverting input
node 60 is maintained approximately midway between
the voltage at VCC supply node 44 and ground (i.e., ap-
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proximately 2.5 volts).
[0029] Output 52 of amplifier circuit 38 is connected to
a first A/D input 46 of low-power micro-controller 40, and
node 60 of amplifier circuit 38 is connected to a second
A/D input 48 of micro-controller 40. According to one em-
bodiment, micro-controller 40 may comprise part number
PIC:16C73 manufactured by Microchip, Inc. This micro-
controller includes on-board memory, A/D converters,
and timers. A/D input 48 of micro-controller 40 serves as
a zero-reference that is maintained at approximately 2.5
volts (as described above), and input 46 of micro-con-
troller 40 serves as a variable input that fluctuates be-
tween 0 and 5 volts. Micro-controller 40 samples the volt-
ages at inputs 46 and 48 at a rate of approximately 500
samples-per-second, converts these samples into 8-bit
unsigned digital values, and calculates the difference be-
tween the voltages at the two inputs, which difference is
used during operation of software routines described in
more detail below.
[0030] Figure 6 shows two curves along the same time
axis. These curves represent the 8-bit unsigned digital
values of the voltages at nodes 50 and 52 of the circuit
shown in Figure 5 during a period when a user is walking.
That is, curve 50W in Figure 6 represents (digitally) the
voltage at output 50 of accelerometer 32 before it is fil-
tered and amplified, and curves 46W and 48W, respec-
tively, represent (digitally) the voltages at inputs 46 and
48 of micro-controller 40 during the period when the user
is walking. While each of curves 46W, 48W and 50W
shares a common time axis, the voltage-magnitude axis
of curves 46W and 48W is distinct from the voltage-mag-
nitude axis of curve 50W. Therefore, the placement of
curve 50W above curves 46W and 48W is not intended
to signify that curve 50W attains a higher amplitude than
do curves 46W and 48W.
[0031] As shown in figure 6, because amplifier circuit
38 is configured to have a negative gain-factor, high peak
51 W of curve 50W corresponds with low peak 47W of
curve 46W. High peak 49W of curve 46W, however, does
not appear to correspond to a low peak of curve 50W.
That is, high peak 49W is ascertainable only after the
output of accelerometer 34 has been high-pass filtered
and amplified by amplifier circuit 38. It is high peak 49W
in curve 46W that indicates the moment that the foot of
the user has left the surface when the user is in locomo-
tion.
[0032] Similarly, low peak 47W in curve 46W indicates
the moment that the foot of the user has impacted with
the surface when the user is in locomotion. By measuring
the time difference between peak 47W and peak 49W of
curve 46W, the foot contact time of the user when the
user is in locomotion may be ascertained. As used herein,
"foot contact time" refers to the period of time between
when a foot of a user impacts a surface and when the
foot next leaves the surface.
[0033] In a similar manner, the foot loft time of a user
in locomotion may be determined. That is, by measuring
the time difference between high peak 49W and low peak

53W in curve 46W, the foot loft time of the user is ascer-
tainable. As used herein, "foot loft time" refers to the pe-
riod of time between when a foot of a user leaves a sur-
face and when the foot next comes into contact with the
surface.
[0034] Figure 7 shows the correspondence, when a
user is walking, between (1) two curves 55H and 55T
produced by resistive sensors mounted in the heel and
toe, respectively, of a shoe and (2) the amplified and
filtered output of the accelerometer according to the in-
vention. That is, curve 55H represents the output of a
resistive sensor mounted in the heel of a shoe, curve 55T
represents the output of a resistive sensor mounted in
the toe of the shoe, and curve 46W represents the voltage
at node 52 of circuit 20 (shown in Figure 5). All of these
measurements were taken while a user was walking.
While each of curves 55H, 55T and 46W shares a com-
mon time axis, the voltage-magnitude axis of curves 55H
and 55T is distinct from the voltage-magnitude axis of
curve 46W. Therefore, the placement of curves 55H and
55T above curve 46W is not intended to signify that
curves 55H and 55T attain higher amplitudes than does
curve 46W.
[0035] As shown by the dashed lines in Figure 7, the
high to low transition of curve 55H (which indicates that
the shoe of the user has impacted with the ground) cor-
responds with low peak 47W of curve 46W, and the low-
to-high transition of curve 55T (which indicates that the
shoe of the user has left the ground) corresponds with
high peak 49W of curve 46W. Thus, the foot contact time
and foot loft time measurements that are obtained, when
a user is walking, by measuring time differences between
high and low peaks, and vice-versa, of the high-pass fil-
tered/amplified output of an accelerometer (mounted as
described above) appear to produce results that are at
least as accurate as those produced by prior art resistive
sensors.
[0036] Figure 8 shows two curves representing the 8-
bit unsigned digital values of the voltages at nodes 50
and 52 of the circuit shown in Figure 5 during a period
when a user is running. That is, curve 50R in Figure 8
represents the voltage at output 50 of accelerometer 32
before it is filtered and amplified, and curves 46R and
48R, respectively, represent the voltages at inputs 46
and 48 of micro-controller 40 during the period when the
user is running. While each of curves 46R, 48R and 50R
shares a common time axis, the voltage-magnitude axis
of curves 46R and 48R is distinct from the voltage-mag-
nitude axis of curve 50R. Therefore, the placement of
curve 50R above curves 46R and 48R is not intended to
signify that curve 50R attains a higher amplitude than do
curves 46R and 48R.
[0037] As shown in figure 8, because amplifier circuit
38 is configured to have a negative gain-factor, high peak
51R of curve 50R corresponds with low peak 47R of curve
46R. High peak 49R of curve 46R, however, does not
appear to correspond to a low peak of curve 50R. That
is, high peak 49R is ascertainable only after the output
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of accelerometer 34 has been high-pass filtered and am-
plified by amplifier circuit 38. It is high peak 49R in curve
46R that indicates the moment that the foot of the user
has left the ground when the user running.
[0038] Similarly, low peak 47R in curve 46R indicates
the moment that the foot of the user has impacted with
the ground when the user is running. By measuring the
time difference between low peak 47R and high peak
49R of curve 46R, the foot contact time of the user, when
the user is running, may be ascertained. In a similar man-
ner, the foot loft time of the user may be determined. That
is, by measuring the time difference between high peak
49R and low peak 53R in curve 46R, the foot loft time of
the user, when the user is running, may be ascertained.
[0039] Figure 9 shows the correspondence, when a
user is running, between (1) two curves 57H and 57T
produced by resistive sensors mounted in the heel and
toe, respectively, of a shoe and (2) the amplified and
filtered output of the accelerometer according to the in-
vention. That is, curve 57H represents the output of a
resistive sensor mounted in the heel of a shoe, curve 57T
represents the output of a resistive sensor mounted in
the toe of the shoe, and curve 46R represents the voltage
at node 52 of circuit 20 (shown in Figure 5). All of these
measurements were taken while a user was running.
While each of curves 57H, 57T and 46R shares a com-
mon time axis, the voltage-magnitude axis of curves 57H
and 57T is distinct from the voltage-magnitude axis of
curve 46R. Therefore, the placement of curves 57H and
57T above curve 46R is not intended to signify that curves
57H and 57T attain higher amplitudes than does curve
46R.
[0040] As shown by the dashed lines in Figure 9, the
high-to-low transition of curve 57H (which indicates that
the shoe of the user has impacted with the ground) cor-
responds with low peak 47R of curve 46R, and the low-
to-high transition of curve 57T (which indicates that the
shoe of the user has left the ground) corresponds with
high peak 49R of curve 46R. Thus, the foot contact time
and foot loft time measurements that are obtained, when
a user is running, by measuring time differences between
high and low peaks, and vice-versa, of the high-pass fil-
tered/amplified output of an accelerometer (mounted as
described above) appear to produce results that are at
least as accurate as those produced by prior art resistive
sensors.
[0041] The output signal from accelerometer 34
(shown in Figures 4 and 5) is analyzed by micro-controller
40 using two primary software routines: (1) a continuous-
loop routine that accumulates data, e.g., foot contact
times and foot loft times, pursuant to each iteration of the
loop, and (2) and an interrupt routine that interrupts the
continuous-loop routine and analyzes the data that has
been accumulated by the continuous-loop routine at the
time the interrupt is initiated. These routines may be writ-
ten in any software language and preferredly are stored
in the on-board memory (not shown) of micro-controller
40 (shown in Figures 4 and 5). These routines could be

user initiated or, preferredly, are initiated automatically
upon power-up of micro-controller 40. The particular
steps performed by each of these primary software rou-
tines are described in detail below.
[0042] Referring briefly back to Figure 5, because the
voltage at each of inputs 46 and 48 of micro-controller
40 is converted to an 8-bit digital word, the amplitude of
the voltage at each input will be represented as one of
256 discrete levels. Also, because resistors R3 and R4
create a voltage at node 60 that is approximately half-
way between the high-supply voltage of five volts and
the ground, i.e., approximately 2.5 volts, the zero refer-
ence at input 48 will remain near the midpoint of the 256
levels, i.e., at approximately level 128.
[0043] Referring now to Figure 10, a high-level flow
chart of the continuous-loop routine performed by micro-
controller 40 (shown in Figure 5) is shown. Essentially,
continuous-loop portion 101 continuously monitors the
voltage across inputs 46 and 48 of micro-controller 40 to
determine when negative and positive voltages differenc-
es (between inputs 46 and 48) in excess of predeter-
mined thresholds occur. These negative and positive
voltage differences are indicative, respectively, of the foot
of a user impacting with and leaving the ground.
[0044] As shown in Figure 10, continuous-loop 101 in-
cludes steps 100, 102, 104, 106, 108, 110, 112 and 114.
Many of these high-level steps include several lower-lev-
el sub-steps, which will be described in detail below in
connection with the description of Figure 12.
[0045] During step 100 of loop 101, micro-controller 40
continuously monitors the voltages at inputs 46 and 48
to determine when the voltage at input 46 falls to more
than a particular voltage below the voltage at input 48.
According to one embodiment, a voltage at input 46 that
is more than 50 levels (of the 256 possible voltage levels)
lower than the zero reference level at input 48 is consid-
ered a "negative spike event" and the software assumes
that the user’s foot has impacted with the ground at the
moment the negative spike event occurs. The occurrence
of a negative spike event causes an "air time" (Ta) timer
in micro-controller 40 to stop and a "contact time" (Tc)
timer to start. The time measured by the air time (Ta)
timer represents the time difference between the last
"positive spike event" (defined below) and the negative
spike event just detected. When a negative spike event
occurs, a "StepCount" value, i.e., a counted number of
footsteps of the user, also is increment.
[0046] Next, during step 102, the three most recent air
times (i.e., air time (Ta) values), which were calculated
previously and stored in memory, are subjected to a tech-
nique known as FIFO smoothing, which serves to elimi-
nate air time (Ta) measurements that appear to be erro-
neous. The routine used to perform this FIFO smoothing
is described in detail below.
[0047] During step 104, a running total of air time (Ta)
values (TaSum) is incremented by the most recently
available air time (Ta) value and the total number of air
time (Ta) values included in the current TaSum value
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(TaSteps) is incremented by one. These values are main-
tained so that an average air time (Ta) value (TaAverage)
may eventually be calculated by dividing the TaSum val-
ue by the TaSteps value.
[0048] During step 106, which is performed after steps
100, 102 and 104 are performed, the system "sleeps" for
a period of time equal to a minimum possible foot contact
time (Tc) for a user, e.g., 122 milli-seconds (ms), so that
the system will not think that any positive spikes occurring
during this sleep period are a positive spike event (de-
fined below).
[0049] Steps 108, 110, 112 and 114 are similar to steps
100, 102, 104, and 106, respectively, except that a foot
contact time (Tc), rather than an air time (Ta), is deter-
mined.
[0050] During step 108 of loop 101, micro-controller 40
continuously monitors inputs 46 and 48 for a particular
voltage difference therebetween. According to one em-
bodiment, a positive voltage at input 46 that is more than
10 levels (of the 256 possible voltage levels) greater than
the zero reference level at input 48 is considered a "pos-
itive spike event" and the software assumes that the us-
ers foot has left the ground at the moment the positive
spike event occurs. The occurrence of a positive spike
event causes the contact time (Tc) timer to stop and caus-
es the air time (Ta) timer to start. The time measured by
the contact time (Tc) timer represents the time difference
between the last negative spike event and the positive
spike event just detected.
[0051] During step 110, the three most recent contact
time (Tc) times, which were calculated previously and
stored in memory, are subjected to FIFO smoothing,
which serves to eliminate foot contact time (Tc) meas-
urements that appear to be erroneous.
[0052] During step 112, a running total of contact time
(Tc) values (TcSum) is incremented by the most recently
available contact time (Tc) value and the total number of
contact time (Tc) values included in the current TcSum
value (TcSteps) is incremented by one. These values are
maintained so that an average contact time (Tc) value
(TcAverage) may be calculated eventually by dividing
the TcSum value by the TcSteps value.
[0053] During step 114, which is performed after steps
108, 110 and 112 are performed, the system "sleeps" for
a period of time equal to a minimum possible foot contact
time for a user so that the system will not think that any
negative spikes occurring during this sleep period con-
stitute a negative spike event. After the sleep period of
step 114, the routine returns to step 100 and loop 101
repeats continuously until an interrupt (discussed below)
is detected.
[0054] Referring now to Figure 11, a high-level inter-
rupt routine 115 now will be briefly explained, with a more
detailed description of each high-level step and its asso-
ciated lower-level sub-steps following below in connec-
tion with the description of Figure 13.
[0055] Interrupt routine 115 may programmed to run
at any given time interval, but preferredly should not be

run any more frequently than once every two seconds
so that meaningful data may be gathered by loop 101
before such data is evaluated by routine 115.
[0056] Step 116 of interrupt routine 115 causes the rou-
tine to interrupt continuous-loop 101. Next, step 118 cal-
culates the average contact time (Tc) value (TcAverage)
over several steps of a user and resets the TcSum and
TcSteps values in loop 101 to zero. Similarly, step 120
calculates the average air time (Ta) value (TaAverage)
and resets the TaSum and TaSteps values in loop 101
to zero.
[0057] In step 122. the step frequency of the user is
determined (in a manner described below) based on the
calculated TcAverage and TaAverage values, and the
total number of steps of the user is calculated by multi-
plying the StepCount value from loop 101 by two.
[0058] Next, in step 124, the pace of the user is calcu-
lated according to an algorithm described below, and the
distance traveled by the user is calculated according to
an equation (described below) that uses both the calcu-
lated pace value and the time period in which the pace
value was determined as variables. This distance meas-
urement could be cumulative of past distance measure-
ments to determine a total distance traveled. The cumu-
lative distance value therefore would be resettable by the
user so that the user could measure distance traveled
from a zero reference point.
[0059] Finally, after the calculations in step 124, or any
other desired calculations, are performed, step 126 re-
turns interrupt routine 115 to the continuous-loop 101 for
further measurements of contact time (Tc) and air time
(Ta) values.
[0060] Figure 12 shows a lower-level flow chart of con-
tinuous-loop 101. As shown, high-level step 100 (shown
in Figure 10) includes five lower-level sub-steps 100A-
100E.
[0061] In steps 100A and 100B, the analog voltages
at inputs 46 and 48 of micro-controller 40 are sampled
(in step 100A) until a negative spike event is detected (in
step 100B) in the voltage at input 46 that is indicative of
the foot of a user impacting with the ground. According
to one embodiment, the analog voltages at inputs 46 and
48 are sampled until the voltage at input 46 falls to less
than 50 levels (of a possible 256 discrete voltage levels)
below the level of reference input 48, which should re-
main approximately at level 128 (i.e., at approximately
2.5 volts on a 5-volt scale). 50 levels corresponds to ap-
proximately 0.98 volts on a 5-volt scale. This sampling
is done at a rate of 500 samples per second.
[0062] The reference level at input 48 may float up or
down slightly due to temperature variations of the ampli-
fier circuit, etc. But, because any changes in the refer-
ence level at input 48 caused by external factors (such
as temperature variations) likely will correspond to
changes in the signal level at input 46 due to these fac-
tors, the difference between the voltages at nodes 46
and 48 should be affected only by the fluctuating signal
generated by the accelerometer, and should not be af-
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fected by changes in the operating conditions of the cir-
cuit.
[0063] Once a negative spike event is detected in step
100B, an air time (Ta) timer is stopped (in step 100C)
and a foot contact time (Tc) timer is started (in step 100D).
The air time (Ta) timer would have been started respon-
sive to the detection of a positive spike event (described
below), which is indicative of the foot of the user leaving
the ground, during a previous loop of continuous-loop
routine 101. Thus, the air time (Ta) timer, when stopped
in step 100C, provides a measurement of the air time
between footsteps of the user, i.e., the time period be-
tween when the foot of the user last left the ground (i.e.,
the last positive spike event) and when the foot most
recently impacted with the ground (i.e., the negative spike
event just detected).
[0064] In addition, in response to the detection of the
negative spike event, the value of the variable StepCount
is increased by one (in step 100E). The variable Step-
Count is reset prior to the user beginning a training regime
so that its running total accurately measures the number
of footsteps taken by one foot of the user during the train-
ing period.
[0065] After updating the variable StepCount (in step
100E), continuous-loop 101 proceeds to steps 102A-
102E, which are included in "FIFO smoothing" step 100
of the high-level routine shown in Figure 10. During steps
102A-102E, the three most recent values of air time, i.e.,
the three most recent air time (Ta) values, which have
been stored in memory, are analyzed as follows.
[0066] First, during step 102A, the three most recent
air time (Ta) values (from prior iterations of loop 101) are
shifted to account for the newly-acquired air time (Ta)
value (in step 100C). Specifically, the existing third most
recent air time (Ta) value is discarded, the existing sec-
ond most recent air time (Ta) value becomes the new
third most recent value, the existing first most recent val-
ue becomes the new second most recent value, and the
newly-acquired air time (Ta) value becomes the new first
most recent air time (Ta) value.
[0067] Next, in steps 102B and 102C, the three most
recent air time (Ta) values (after being shifted in step
102A) are compared, as described below, to ascertain
whether the middle air time (Ta) value (i.e., the second
most recent air time (Ta) value) appears to be anoma-
lous. An anomalous air time (Ta) measurement (i.e., an
anomalous air time (Ta) value) might occur, for example,
when a user steps on a rock or slips on water or ice during
a footstep. If the second most recent air time (Ta) value
appears to be the result of an erroneous measurement,
then (in step 102D) it is replaced with an average of the
first and third most recent air time (Ta) values. Thus, be-
cause only the third most recent air time (Ta) value is
used for all future calculations (according to step 102E),
the replacement of anomalous second most recent air
time (Ta) values serves to filter or smooth out occasional
anomalous measurements.
[0068] Specifically, in step 102B, the first and third

most recent air time (Ta) values are compared. If these
values are within a particular percentage of one another
(e.g., if the first most recent air time (Ta) value is 5%
greater than or less than the third most recent air time
(Ta) value), then the routine proceeds to step 102C. If
the first and third air time (Ta) values are not within the
particular percentage of one another, then the routine
proceeds directly to step 102E. That is, if there is too
great a difference between the first and third most recent
air time (Ta) measurements, then it is assumed that the
user has changed speeds between those two measure-
ments, and to reset the second most recent air time (Ta)
value in such a situation likely would result in inaccurate
air time (Ta) values, rather than the smoothed values
obtained when the first and third most recent air time (Ta)
measurements are similar.
[0069] If step 102C is reached, then the first and sec-
ond most recent air time (Ta) values are compared. If the
first most recent air time (Ta) value is not within a partic-
ular percentage of the second most recent air time (Ta)
value (e.g., if the first most recent air time (Ta) value is
not 5% greater than or less than the second most recent
air time (Ta) value), then (in step 102D) the second most
recent air time (Ta) value is replaced with an average of
the first and third most recent air time (Ta) values, thereby
eliminating the apparently anomalous second most re-
cent air time (Ta) measurement.
[0070] Finally, according to step 102E, the third most
recent air time (Ta) value is used for all future calculations
involving air time (Ta) measurements. Thus, because this
third most recent air time (Ta) value was a second most
recent air time (Ta) value in a previous iteration of loop
101, it would have been "smoothed" during that iteration
had it appeared anomalous based upon the comparisons
done in steps 102B and 102C above.
[0071] High-level step 104 (shown in Figure 10) in-
cludes sub-steps 104A and 104B. As shown in Figure
12, in step 104A, a cumulative total of air time (Ta) meas-
urements (TaSum) from past iterations of loop 101 is
updated with the third most recent air time (Ta) value
from step 102E to obtain an updated value of TaSum
(i.e., TaSum = TaSum + Ta).
[0072] Next, in step 104B, a running total of the number
of air time (Ta) steps (TaSteps) is incremented by one
(i.e., TaSteps=TaSteps +1). An air time step occurs each
time that a positive spike event (identified in step 108B,
described below) is followed by a negative spike event
(identified in step 100B).
[0073] In step 106 of loop 101, the system is put in a
sleep-mode for a particular amount of time before pro-
ceeding to step 108A. According to one embodiment, this
sleep mode lasts for a time equal to the minimum foot
contact time (Tc) that might occur when a user is running
at a maximum rate of speed (e.g., 122 milliseconds (ms)).
This sleep period is used to prevent the micro-controller
from falsely identifying the ringing that occurs in the ac-
celerometer output signal immediately following a detect-
ed negative spike event as a subsequent positive spike
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event. In addition, the power supply to non-critical com-
ponents in the circuit may be lowered or eliminated during
the sleep period to conserve power in the system.
[0074] After the sleep period of step 106, loop 101 pro-
ceeds to steps 108A-108E, which constitute high-level
step 108 (shown in Figure 10). In steps 108A and 108B,
the analog voltages at inputs 46 and 48 of micro-control-
ler 40 are sampled (in step 108A) until a positive spike
event is detected (in step 108B) in the voltage at input
46 that is indicative of the foot of a user leaving the
ground. According to one embodiment, the analog volt-
ages at inputs 46 and 48 are sampled until the voltage
at input 46 rises to greater than 10 levels (of a possible
256 discrete voltage levels) above the level of reference
input 48, which should remain approximately at level 128
(i.e., at approximately 2.5 volts on a 5-volt scale). 10 lev-
els corresponds to approximately 0.20 volts on a 5-volt
scale. This sampling is done at a rate of 500 samples per
second.
[0075] Once a positive spike event is detected in step
108B, the foot contact time (Tc) timer is stopped (in step
108C) and the foot air time (Ta) timer is started (in step
108D). The contact time (Tc) timer would have been start-
ed (in step 100D) responsive to the detection of a nega-
tive spike event (in step 100B) during a previous loop of
continuous-loop routine 101. Thus, the contact time (Tc)
timer, when stopped in step 108C, provides a measure-
ment of the foot contact time of a user during a footstep
of the user, i.e., the time period during which the foot of
the user is in physical contact with the ground during a
footstep.
[0076] In step 108E, the time measured by the contact
time (Tc) timer is evaluated to determine whether it falls
within an acceptable range of foot contact times. If the
measured contact time (Tc) value is not within this ac-
ceptable range, then the routine returns to step 1 00A for
the identification of another negative spike event. Accord-
ing to one embodiment, an acceptable range of foot con-
tact times is between 140 and 900 ms.
[0077] After evaluating the measured contact time (Tc)
value (in step 108E), continuous-loop 101 proceeds to
steps 110A-110E, which are included in "FIFO smooth-
ing" step 110 of the high-level routine shown in Figure
10. During steps 110A-110E, the three most recent foot
contact time values, i.e., the three most recent contact
time (Tc) values, which have been stored in memory, are
analyzed as follows.
[0078] First, during step 110A, the three most recent
contact time (Tc) values (from prior iterations of loop 101)
are shifted to account for the newly-acquired contact time
(Tc) value (in step 108C). Specifically, the existing third
most recent contact time (Tc) value is discarded, the ex-
isting second most recent contact time (Tc) value be-
comes the new third most recent value, the existing first
most recent value becomes the new second most recent
contact time (Tc) value, and the newly-acquired contact
time (Tc) value becomes the new first most recent contact
time (Tc) value.

[0079] Next, in steps 110B and 110C, the three most
recent contact time (Tc) values (after being shifted in step
110A) are compared, as described below, to ascertain
whether the middle contact time (Tc) value (i.e., the sec-
ond most recent contact time (Tc) value) appears to be
anomalous. An anomalous contact time (Tc) measure-
ment (i.e., an anomalous contact time (Tc) value) might
occur, for example, when a user steps on a rock or slips
on water or ice during a footstep. If the second most re-
cent contact time (Tc) value appears to be the result of
an erroneous measurement, then (in step 110D) it is re-
placed with an average of the first and third most recent
contact time (Tc) values. Thus, because only the third
most recent contact time (Tc) value is used for all future
calculations (according to step 110E), the replacement
of anomalous second most recent contact time (Tc) val-
ues serves to filter or smooth out occasional anomalous
measurements.
[0080] Specifically, in step 110B, the first and third
most recent contact time (Tc) values are compared. If
these values are within a particular percentage of one
another (e.g., if the first most recent contact time (Tc)
value is 5% greater than or less than the third most recent
contact time (Tc) value), then the routine proceeds to
step 110C. If the first and third most recent contact time
(Tc) values are not within the particular percentage of
one another, then the routine proceeds directly to step
110E. That is, if there is too great a difference between
the first and third most recent contact time (Tc) meas-
urements, then it is assumed that the user has changed
pace between those two measurements, and to reset the
second most recent contact time (Tc) value in such a
situation likely would result in an inaccuracy. rather than
the smoothed values obtained when the first and third
most recent contact time (Tc) measurements are similar.
[0081] If step 110C is reached, then the first and sec-
ond most recent contact time (Tc) values are compared.
If the first most recent contact time (Tc) value is not within
a particular percentage of the second most recent contact
time (Tc) value (e.g., if the first most recent contact time
(Tc) value is not 5% greater than or less than the second
most recent contact time (Tc) value), then (in step 110D)
the second most recent contact time (Tc) value is re-
placed with an average of the first and third most recent
contact time (Tc) values, thereby eliminating the appar-
ently anomalous second most recent contact time (Tc)
measurement.
[0082] Finally, according to step 110E, the third most
recent contact time (Tc) value is used for all future cal-
culations involving foot contact time (Tc) measurements.
Thus, because this third most recent contact time (Tc)
value was a second most recent contact time (Tc) value
in a previous iteration of loop 101, it would have been
"smoothed" during that iteration had it appeared anom-
alous based upon the comparisons done in steps 110B
and 110C above.
[0083] Although not shown in Figure 12, the measured
foot contact time also could be used to determine a mo-
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ment that the user’s foot is in its "zero position" during
each stride taken by the user, i.e., a moment that the
bottom surface of the user’s foot is parallel to the surface
on which the user is walking, jogging or running. This
moment could be determined, for example, by assuming
that the user’s foot is in its zero position mid-way (or a
particular percentage-way) through the measured foot
contact time for each stride.
[0084] High-level step 112 (shown in Figure 10) in-
cludes sub-steps 112A and 112B. As shown in Figure
12, in step 112A, a cumulative total of contact time (Tc)
measurements (TcSum) from past iterations of loop 101
is updated with the third most recent contact time (Tc)
measurement from step 110E to obtain an updated value
of the variable TcSum (i.e., TcSum = TcSum + Tc).
[0085] Next, in step 112B, a running total of the number
of foot contact time (Tc) steps (TcSteps) is incremented
by one (i.e., TcSteps=TcSteps +1). An foot contact time
step (TcStep) occurs each time that a negative spike
event (identified in step 100B) is followed by a positive
spike event (identified in step 108B), described above.
[0086] In step 114 of loop 101, the system is put in a
sleep-mode for a particular amount of time before return-
ing to step 100A. According to one embodiment, this
sleep mode lasts for a time equal to the minimum foot
contact time (Tc) that might occur when a user is running
at a maximum rate of speed (e.g., 122 ms). This sleep
period is used to prevent the micro-controller from falsely
identifying the ringing that occurs in the accelerometer
output signal immediately following a detected positive
spike event as a subsequent negative spike event. In
addition, the power supply to non-critical components in
the circuit may be lowered or eliminated during the sleep
period to conserve power in the system.
[0087] Figure 13 shows a lower-level flow chart of in-
terrupt routine 115. As mentioned previously, interrupt
routine 115 periodically interrupts continuous-loop 101
so that it may evaluate and analyze the data accumulated
by multiple iterations of the loop, e.g., foot contact times
and foot loft times. Interrupt routine 115 may pro-
grammed to run at any given time interval, but preferredly
should not be run any more frequently than once every
two seconds so that meaningful data may be gathered
by loop 101 before such data is analyzed and evaluated
by routine 115.
[0088] Step 116 of interrupt routine 115 causes the rou-
tine to interrupt continuous-loop 101. Next, steps 118A-
118D, which constitute high-level step 118 in Figure 11,
calculate the average contact time (Tc) value (TcAver-
age) over several steps of a user and reset the TcSum
and TcSteps values in loop 101 to zero. Specifically,
steps 118A and 118B, respectively, evaluate the current
values of TcSteps and TcSum to make sure that each of
them is greater than zero. This is done to prevent the
micro-controller from performing any divisions by a value
of zero. Next, in step 118C, an average foot contact time
value (TcAverage) is calculated by dividing the value of
TeSum by the value of TcSteps (i.e., TcAverage=Tc-

Sum/TcSteps, wherein "/" is the division operator). Final-
ly, the values of TcSum and TcSteps are reset to zero
(in step 118D) so that fresh measurements of foot contact
times may be made upon return to continuous-loop 101.
[0089] Similarly, steps 120A-120D, which constitute
high-level step 120 in Figure 11, calculate the average
air time (Ta) value (TaAverage) over several steps of a
user and reset the TaSum and TaSteps values in loop
101 to zero. Specifically, steps 120A and 120B, respec-
tively, evaluate the current values of TaSteps and TaSum
to make sure that each of them is greater than zero. Next,
in step 120C, an average foot air time value (TaAverage)
is calculated by dividing the value of TaSum by the value
of TaSteps (i.e., TaAverage=TaSum/TaSteps). Finally,
the values of TaSum and TaSteps are reset to zero (in
step 120D) so that fresh measurements of foot air times
may be made upon return to continuous-loop 101.
[0090] In steps 122A-122C, which constitute high-level
step 122 in Figure 11, the step frequency of the user is
determined based on the calculated TcAverage and
TaAverage values, and the total number of steps of the
user is calculated by multiplying the StepCount value
from loop 101 by two. Specifically, step 122A evaluates
the current value of TcAverage to make sure that it is
greater than zero. This is done to prevent the micro-con-
troller from performing any divisions by a value of zero.
Next, in step 122B, the step frequency of the user is cal-
culated by taking the inverse of two times the average
air time value (TaAverage) plus the average foot contact
time value (TcAverage)(i.e., Step Frequency = 2 * (1/
(TaAverage +TcAverage)), wherein "*" is the multiplica-
tion operator).
[0091] Next, in steps 124A-124E, the pace of the user
(Pace) is calculated according to a known algorithm (de-
scribed below), and the distance traveled by the user is
calculated by multiplying the time period in which the
pace was determined by the rate at which the user is
moving. The rate of the user (in feet-per-second) is equal
to the quantity (5280/(Pace *60)). This distance meas-
urement could be cumulative of past distance measure-
ments to determine a total distance traveled. The cumu-
lative distance value, therefore, would be resettable by
a user so the user could measure distance traveled from
a zero reference point.
[0092] Specifically, in step 124A, the average foot con-
tact time value (TcAverage), which was calculated in step
118C, is evaluated to determine whether it is greater than
or less than 400 ms. If TcAverage is less than 400 ms,
then a variable "Slope" is set (in step 124B) to a value of
24, and if TcAverage is greater than 400 ms, then the
variable Slope is set (in step 124C) to a value of 28.5.
Next, in step 124D, the pace of the user (Pace) is calcu-
lated by multiplying the value TcAverage by the variable
Slope (i.e., Pace = TcAverage * Slope).
[0093] The present inventors have discovered that it
is advantageous to use at least two distinct equations to
derive the pace of the user based upon the measured
foot contact time. That is, for a measured foot contact
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time that is less than a particular value (e.g., 400 ms), a
first equation should be used to derive the pace of the
user therefrom, while for a measured foot contact time
that is greater than the particular value (e.g., 400 ms), a
second equation should be used.
[0094] Referring to Figure 14, a graph showing the dis-
covered relationship between foot contact time (Tc) and
the pace of a user (Pace) is provided. As shown, curve
90 has distinct segments 90A, 90B and 90C. Each of line
segments 90A and 90C has a different slope, but both
share a common y-intercept value at zero minutes-per-
mile. It has been discovered that the average foot contact
time of a user does not tend to fall within the range cov-
ered by line segment 90B, regardless of whether the user
is walking, jogging or running. Therefore, one of line seg-
ments 90A or 90C may always be used to determine a
pace of the user based upon the measured foot contact
time. As shown in Figure 14, the slope of line segment
90A is 24. This slope is used as the variable Slope (in
Step 124B of Figure 13) when the average measured
foot contact time falls under line segment 90A, i.e., when
TcAverage is less than 400 ms. Similarly, the slope of
line segment 90C is 28.5, and this slope is used as the
variable Slope (in step 124C of Figure 13) when the av-
erage measured foot contact time falls under line seg-
ment 90C, i.e., when TcAverage is greater than 400 ms.
[0095] Referring again to Figure 13, in step 124E, the
distance traveled by a user in locomotion (Distance), as
mentioned above, is calculated using the following equa-
tion: Distance = (time * (5280/(Pace * 60))), wherein
"time" is the interrupt period of interrupt routine 115 (e.g.,
two or more seconds).
[0096] Finally, after the calculations in steps 124A-E,
and/or any other desired calculations, are performed,
step 126 returns interrupt routine 115 to continuous-loop
101 for further measurements of contact time (Tc) and
air time (Ta) values.
[0097] In addition to calculating a user’s pace, rate of
travel, and distance traveled, metabolic energy expend-
iture may also be calculated based upon the measured
foot contact time of a user. One approach to measuring
metabolic energy expenditure based upon foot contact
time is described by two of the inventors of the present
invention in co-pending United States Patent Application
serial number 08/255,820, filed on April 11, 1994,
[0098] Referring briefly back to Figures 1 and 3, ac-
cording to one embodiment, several variables or param-
eters could be input by the user for use by the software
routine described above. These variables or parameters
could be input, for example, via user interface 32 in Figure
1 or user interface 58 in Figure 3. Although the present
invention is intended to be completely self-adjusting and
ideally should not require the input of any user-specific
data, it is envisioned that certain parameters and varia-
bles may be user-adjustable to accommodate individual
users. For example: (1) the threshold values for the pos-
itive and negative spike events (identified in steps 108B
and 100B, respectively, of Figure 12) could be adjusted,

(2) the sleep times of steps 106 and 114 of Figure 12
could be adjusted, (3) the slopes of the various portions
of line segment 90 (in Figure 14) could be adjusted or
additional line segments could be added or alternative
contact time/pace equations could be employed in their
stead, or (4) the acceptable range of foot contact time
(Tc) values determined in step 108E of Figure 12 could
be altered.
[0099] Such parameters or variables could have de-
fault values pre-programmed into the system, which de-
fault values could then be adjusted by the user according
to certain user-specific criteria such as height, weight, or
shoe hardness. Alternatively, the parameters or varia-
bles could be adjusted automatically via software, based
upon information input by the user (such as the pushing
of a button both when the user starts and when the user
finishes traversing a known distance).
[0100] It should be understood that while the invention
has been described herein as using a particular acceler-
ometer and a particular micro-controller to perform its
various functions, any devices performing similar func-
tions, including hard-wired circuitry, could equivalently
be employed without departing from the intended scope
of the invention. Additionally, while a specific embodi-
ment of a high-pass filter/amplifier circuit is described
herein, the scope of the invention is not intended to be
limited by the particular characteristics of this embodi-
ment. Further, while a highly-specific software routine
has been described herein, the particular characteristics
of this routine should also not be regarded as limiting the
scope of the invention.
[0101] Having thus described at least one illustrative
embodiment of the invention, various alterations, modi-
fications and improvements will readily occur to those
skilled in the art. Such alterations, modifications and im-
provements are intended to be within the scope of the
invention. Accordingly, the foregoing description is by
way of example only and is not intended as limiting. The
invention is limited only as defined in the following claims
and the equivalents thereto.

Claims

1. A method for analyzing motion of a foot of a person
relative to a surface, comprising steps of:

(a) using an output of a motion sensing device
that does not require compression forces ther-
eon to sense acceleration of the foot and to pro-
vide a signal indicative of the acceleration of the
foot wherein the motion sensing device is an ac-
celerometer;
(b) providing said signal from the accelerometer
to a signal processor;
(c) using the signal processor to analyze the sig-
nal to determine a moment that the foot comes
into contact with the surface and a following mo-
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ment that the foot leaves the surface during a
footstep taken by the person;
(d) determining foot contact time based upon a
time difference between the moment that the
foot comes into contact with the surface and the
moment the foot leaves the surface; and
(e) determining a rate at which the person is
moving relative to the surface using an average
foot contact time determined from a plurality of
said foot contact times.

2. The method as recited in claim 1, wherein the accel-
erometer has an acceleration sensing direction, and
wherein the step (a) includes a step of:

(al) orienting the accelerometer with respect to
the foot such that the acceleration sensing di-
rection of the accelerometer is not oriented per-
pendicular to a bottom surface of the foot.

3. The method as recited in claim 2, wherein the step
(al) includes a step of orienting the accelerometer
with respect to the foot such that the acceleration
sensing direction of the accelerometer is substan-
tially parallel to the bottom surface of the foot.

4. The method as recited in claim 1, wherein step (c)
includes a step of:

(cl) using the signal processor to identify a char-
acteristic in the signal that is indicative of the
foot leaving the surface.

5. The method as recited in claim 4, wherein step (cl)
includes a step of using the signal processor to iden-
tify a high level or a low level in the signal that is
indicative of the foot leaving the surface.

6. The method as recited in claim 5, further comprising
a step of frequency-filtering the signal prior to iden-
tifying the high level or the low level.

7. The method as recited in claim 5, further comprising
a step of amplifying the signal prior to identifying the
high level or the low level.

8. The method as recited in claim 4, further comprising
a step of high-pass frequency-filtering the signal prior
to identifying the characteristic in the signal.

Patentansprüche

1. Verfahren zum Analysieren der Bewegung eines Fu-
ßes einer Person relativ zu einer Oberfläche, auf-
weisend die Schritte:

(a) Verwenden einer Ausgabe einer Bewe-

gungssensiervorrichtung, die keine darauf ge-
richteten Druckkräfte erfordert, um eine Be-
schleunigung des Fußes zu sensieren und ein
Signal, das indikativ für die Beschleunigung des
Fußes ist, zur Verfügung zu stellen, wobei die
Bewegungssensiervorrichtung ein Beschleuni-
gungsmesser ist,
(b) Zuführen des Signals von dem Beschleuni-
gungsmesser zu einem Signalprozessor;
(c) Verwenden des Signalprozessors zur Ana-
lyse des Signals, um einen Moment, in dem der
Fuß in Kontakt mit der Oberfläche kommt, und
einen darauffolgenden Moment, in dem der Fuß
die Oberfläche während eines von der Person
unternommenen Fußschrittes verlässt, zu be-
stimmen;
(d) Bestimmen der Fußkontaktzeit basierend
auf einer Zeitdifferenz zwischen dem Moment,
in dem der Fuß in Kontakt mit der Oberfläche
kommt, und dem Moment, in dem der Fuß die
Oberfläche verlässt; und
(e) Bestimmen einer Geschwindigkeit, mit der
die Person sich relativ zu der Oberfläche be-
wegt, unter Verwendung einer durchschnittli-
chen Fußkontaktzeit, die bestimmt wird aus ei-
ner Vielzahl von Fußkontaktzeiten.

2. Verfahren nach Anspruch 1, wobei der Beschleuni-
gungsmesser eine Beschleunigungssensierrich-
tung besitzt, und wobei der Schritt (a) einen Schritt
des

(a1) Ausrichtens des Beschleunigungsmessers
in Bezug auf den Fuß derart, dass die Beschleu-
nigungssensierrichtung des Beschleunigungs-
messers nicht senkrecht zu einer Bodenoberflä-
che des Fußes ausgerichtet ist,

umfasst.

3. Verfahren nach Anspruch 2, wobei der Schritt (a1)
einen Schritt des Ausrichtens des Beschleunigungs-
messers in Bezug auf den Fuß derart, dass die Be-
schleunigungssensierrichtung des Beschleuni-
gungsmessers im Wesentlichen parallel zu der Bo-
denoberfläche des Fußes ist, umfasst.

4. Verfahren nach Anspruch 1, wobei der Schritt (c)
einen Schritt des

(c1) Verwendens des Signalprozessors, um ei-
ne Charakteristik in dem Signal zu identifizieren,
die indikativ für den die Oberfläche verlassen-
den Fuß ist,

umfasst.

5. Verfahren nach Anspruch 4, wobei der Schritt (c1)
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einen Schritt des Verwendens des Signalprozes-
sors, um einen Hochpegel oder einen Niederpegel
in dem Signal zu identifizieren, der indikativ für den
die Oberfläche verlassenden Fuß ist, umfasst.

6. Verfahren nach Anspruch 5, des Weiteren aufwei-
send einen Schritt des Frequenzfilterns des Signals
vor dem Identifizieren des Hochpegels oder des Nie-
derpegels.

7. Verfahren nach Anspruch 5, des Weiteren aufwei-
send einen Schritt des Verstärkens des Signals vor
dem Identifizieren des Hochpegels oder des Nieder-
pegels.

8. Verfahren nach Anspruch 4, des Weiteren aufwei-
send einen Schritt des Hochpassfrequenzfilterns
des Signals vor dem Identifizieren der Charakteristik
in dem Signal.

Revendications

1. Procédé permettant d’analyser le mouvement d’un
pied d’une personne par rapport à une surface com-
prenant les étapes consistant à :

(a) utiliser une sortie d’un dispositif de détection
du mouvement qui ne nécessite pas que des
forces de compression soient exercées sur lui
pour détecter l’accélération du pied et fournir un
signal indiquant l’accélération du pied, ce dis-
positif de détection du mouvement étant un ac-
céléromètre,
(b) fournir le signal de l’accéléromètre à un dis-
positif de traitement de signal,
(c) utiliser le dispositif de traitement de signal
pour analyser le signal de façon à déterminer
l’instant où le pied vient en contact avec la sur-
face et l’instant ultérieur où le pied quitte la sur-
face pendant un pas de la personne, et
(d) déterminer le temps de contact du pied à
partir de la différence de temps entre l’instant
où le pied vient en contact avec la surface et
l’instant où le pied quitte cette surface,
(e) déterminer la vitesse de déplacement de la
personne par rapport à la surface en utilisant un
temps de contact du pied moyen déterminé par-
mi un ensemble de temps de contact du pied.

2. Procédé conforme à la revendication 1, selon lequel
l’accéléromètre à une direction de détection de l’ac-
célération et l’étape (a) comprend l’étape consistant
à :

(a1) orienter l’accéléromètre par rapport au pied
de sorte que la direction de détection de l’accé-
lération de l’accéléromètre ne soit pas orientée

perpendiculairement à la surface inférieure du
pied.

3. Procédé conforme à la revendication 2, selon lequel
l’étape (a1) comprend une étape consistant à orien-
ter l’accéléromètre par rapport au pied de sorte que
la direction de détection de l’accélération de l’accé-
léromètre soit essentiellement parallèle à la surface
inférieure du pied.

4. Procédé conforme à la revendication 1, selon lequel
l’étape (c) comprend une étape consistant à :

(c1) utiliser l’unité de traitement de signal pour
identifier dans le signal une caractéristique qui
indique que le pied quitte la surface.

5. Procédé conforme à la revendication 4, selon lequel
l’étape (c1) comprend une étape consistant à utiliser
l’unité de traitement de signal pour identifier un ni-
veau élevé ou un faible niveau dans le signal qui
indique que le pied quitte la surface.

6. Procédé conforme à la revendication 5, comprenant
en outre une étape consistant à effectuer un filtrage
en fréquence du signal avant l’identification du ni-
veau élevé ou du faible niveau.

7. Procédé conforme à la revendication 5, comprenant
en outre une étape consistant à amplifier le signal
avant l’identification du niveau élevé ou du faible ni-
veau.

8. Procédé conforme à la revendication 4, comprenant
une étape consistant à effectuer un filtrage de fré-
quence passe-bas du signal avant l’identification de
la caractéristique de ce signal.
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