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(57) ABSTRACT

A foot pad device and a method of obtaining weight data from
a force sensor in a foot pad worn by a user engaging in a
footstep, including placing the force sensor under the ball of
the foot of the user and/or the heel of the foot of the user;
receiving an entered patient weight value for the user; col-
lecting force data from the force sensor; calculating a weight
value based on the collected force data and a scaling and/or
offset parameter; comparing the calculated weight value to
the entered patient weight value; comparing the calculated
weight value to zero; adjusting the scaling and/or offset
parameter; and repeating the steps periodically. The method
may include comparing the collected force data to a function-
ality indication range, flagging the force sensor if the col-
lected force data is outside the functionality indication range,
and disregarding force data from the flagged force sensor.
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FOOT PAD DEVICE AND METHOD OF
OBTAINING WEIGHT DATA

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/151,103, filed 9 Feb. 2009, which
is incorporated in its entirety by this reference.

TECHNICAL FIELD

[0002] This invention relates generally to the foot device
field, and more specifically to an improved foot sensor system
in the foot sensor device field.

BACKGROUND

[0003] Foot sensors are useful in several applications that
require weight data and other information related to how and
when a person places their foot on the ground. For example,
assistive devices such as active orthoses and active prosthetics
require sensor input from beneath the foot of the person to
determine gait and to optimize assistance. As another
example, patient monitoring devices such as those to assess
balance and analyze gait require foot sensors to gather data.
[0004] Current devices that use foot sensors to obtain
weight data have several drawbacks. To obtain accurate read-
ings, many devices include multiple sensors (on the order of
a dozen or more), which increase the cost and complexity of
the device. Current devices are also unable to automatically
detect and/or automatically compensate for a broken sensor,
which is crucial to device functionality and operability. Fur-
thermore, any malfunction in transmission of foot sensor
information (including force data and foot pad sizing details)
due to faults, such as a broken cable or connector, will also
reduce or inhibit proper device operation if the device is
unable to automatically verify sensor connectivity or verify
the correct size of the foot sensor. Finally, current device
performance often varies with other factors outside of the
control or understanding of the device, such as tightness of the
person’s shoe, which can adversely affect device functional-
ity since current devices do not calibrate and compensate for
such additional variable factors.

[0005] Thus, there is a need in the foot sensor field to create
an improved foot sensor. This invention provides such an
improved foot pad device and method of obtaining weight
data.

BRIEF DESCRIPTION OF THE FIGURES

[0006] FIG. 1 is a schematic of the first preferred embodi-
ment of the method;

[0007] FIG.2isadetailed schematic of the step of adjusting
the scaling parameter of the first preferred embodiment of the
method;

[0008] FIG. 3 is a schematic of the second preferred
embodiment of the method;

[0009] FIG. 4 is a schematic of information flow between a
user, the foot pad device of the preferred embodiment, and
applications of weight data;

[0010] FIG.5is atransparent top view of one version of the
foot pad device;
[0011] FIGS. 6A, 6B, 6C, and 6D are schematics of force

sensor placement in one version of the foot pad device, for
small, medium, large, and extra large foot pad sizes, respec-
tively;

[0012] FIG. 7 is an illustration of one version of the sensor
electronics of the foot pad device;
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[0013] FIG. 8 is a connection schematic of one version of
the signal processing circuitry of the foot pad device; and
[0014] FIG. 9 is a partial table of resistor values for various
sensor locations and foot pad sizes for one version of the foot
pad device.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0015] The following description of preferred embodi-
ments of the invention is not intended to limit the invention to
these preferred embodiments, but rather to enable any person
skilled in the art to make and use this invention.

1. Method of Obtaining Weight Data with Automatic Cali-
bration

[0016] In a first preferred embodiment, the method of
obtaining weight data 100 with automatic calibration is pref-
erably used to obtain weight data from a force sensor in a foot
pad worn by a user. As shown in FIG. 1, the method preferably
includes the steps of placing the force sensor under the ball of
the foot of the user and/or under the heel of the foot of the user
S110; receiving an entered patient weight value for the user
S120; collecting force data from the force sensor S130; cal-
culating a weight value based on the collected force data and
a scaling parameter that scales the collected force data S140;
comparing the calculated weight value to the entered patient
weight value in a first comparison S150; comparing the cal-
culated weight value to zero in a second comparison S160;
adjusting the scaling parameter based on at least one of the
first and second comparisons S170; and step S180 of periodi-
cally repeating one or more of the above steps. The steps of
collecting force data S130, calculating a weight value S140,
comparing the calculated weight value to the entered patient
weight value S150, comparing the calculated weight value to
zero S160, and adjusting the scaling parameter S170 are
preferably repeated periodically for each of a plurality of
force sensors in the foot pad, but may alternatively be
repeated periodically for a single force sensor in the foot pad,
or repeated periodically for only a portion of a plurality of
force sensors in the foot pad. Some embodiments of the
method 100 may further include the steps of storing the cal-
culated weight value.

[0017] Themethod of obtaining weight data with automatic
calibration is preferably performed to gather weight data that
is applied to selectively control an active mobility assistance
device that enhances the mobility of the leg of the user (such
as an active orthotic device or an active prosthetic device), to
a patient monitoring device, or to any suitable device that
collects and/or analyzes weight-on-foot data. As an example,
the method may be performed to gather data that an active
assistance device uses to determine how to control an actuator
that applies assistance and/or resistance to movement. The
method preferably automatically calibrates to compensate for
spurious and/or affected weight readings. For example, the
method may provide an active assistance device with weight
data that cancels the effects of apparent weight readings that
are due to external circumstances, such as foot-stomping, an
uneven or compliant floor surface, tight shoelaces or other
fasteners, or drift in sensor reading and other electronics
caused by environment changes like ambient temperature and
humidity. As another example, the method may continue to
obtain weight readings that take into account when a sensor
shifts position relative to the foot of the user, or when only a
portion of the total weight of the user is applied to the sensor.
As another example, the method preferably obtains weight
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readings that compensate for weight that is offloaded to a cane
or walker, allowing an active orthotic or prosthetic device to
continue correct operation.

[0018] Step S110, which includes placing the force sensor
under the ball of the foot of the user and/or under the heel of
the foot of the user, functions to strategically position the
force sensor relative to the foot of the user. The step preferably
includes placing one force sensor in an inside (i.e., medial)
ball position, placing one force sensor in an outside (i.e.,
lateral) ball position, placing one force sensor in an anterior
heel position, and/or placing one force sensor in a posterior
heel position. The step of placing the force sensor may alter-
natively and/or additionally include placing a force sensor
under the arch of the foot, placing a force sensor under the
toes of the foot, and/or placing a force sensor in any suitable
location relative to the foot of the user. The force sensor is
preferably a force sensitive resistor that changes electrical
resistance value with changes in the force applied to the force
sensor, but the foot sensor may alternatively be a pressure
sensor combined with an air bladder, a piezoelectric sensor, a
capacitive sensor, or any suitable type of sensor.

[0019] Step S120, which includes receiving an entered
weight value, functions to obtain a known or initially esti-
mated weight of the user. The step preferably includes receiv-
ing an entered weight value and storing the entered weight
value to memory S122. The entered weight value may be
entered by the user and/or any suitable operator, such as a
physician or a researcher. The entered weight value is prefer-
ably stored by a processor to a memory chip, but may alter-
natively be stored by any suitable operator to any suitable
storage medium, preferably such that the stored weight value
is accessible.

[0020] Step S130, which includes collecting force data
from the force sensor in the foot pad, functions to gather
information from the force sensor. The step is preferably
performed for each force sensor in the foot pad during the
periodical repeating of the steps of the method. However, the
step of collecting force data S130 may alternatively be per-
formed for each of only a portion of force sensors in the foot
pad. For example, multiple force sensors in a foot pad may be
designated as either active or inactive, and the step of collect-
ing force data is performed for each of the active force sen-
sors. The step of collecting force data from the force sensor
S130 is preferably performed by a processor, but may alter-
natively be collected manually by a person, or through any
suitable method. The collected force data is preferably in the
form of voltage, but may alternatively be in the form of
current, resistance, capacitance, inductance, or any other suit-
able form.

[0021] Step S140, which includes calculating a weight
value based on the collected force data and a scaling param-
eter that scales the collected force data, functions to convert
the collected force data (i.e., raw data) into a meaningful
weight value (i.e., processed data). The scaling parameter
preferably includes a gain value and/or offset value. The gain
value is preferably a multiplier value and the offset value is
preferably an additive value, such that collected force data is
multiplied by the gain value and/or summed with the offset
value to become converted into a calculated weight value. In
other words, the calculated weight is preferably expressed as
a function of the collected force data, the gain value, and the
offset value, such as (calculated weight)=(gain)*(collected
raw force data)+(offset). The scaling parameter may be posi-
tive or negative, an integer or a fractional number, and/or have
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any suitable characteristic. A weight value is preferably cal-
culated using collected force data from each force sensor in
the foot pad. As an example, a weight value may be calculated
for each collected force data value such that the number of
calculated weight values is equal to the number of collected
force data values. As another example, a weight value may be
calculated from the average of collected force data values
from two or more force sensors that cover overlapping areas
in the foot pad, such that the number of calculated weight
values is less than the number of collected force data values,
but all collected force data values are utilized. However, the
weight value may alternatively be calculated using collected
force data from only a portion of force sensors in the foot pad.
As an example, collected force data from each of two or more
force sensors that cover overlapping areas in the foot pad may
be functionally combined by calculating a weight value based
on the maximum force data of the group of force sensors. The
scaling parameter may be different for calculating weight
values from different force sensors, or may be the same for
calculating weight values from a portion or all force sensors.
The step of calculating a weight value is preferably performed
by a processor, which also determines the gain value and
offset value.

[0022] The step of comparing the calculated weight value
to the entered patient weight in a first comparison S150 and
the step of comparing the calculated weight value to zero in a
second comparison S160 function to provide information
used to determine how to adjust the scaling parameter. As
steps of the method repeat periodically during step S180, the
results of the first and second comparisons are preferably
used in the step of adjusting the scaling parameter S170 such
as to periodically calibrate the calculated weight value calcu-
lated from the collected force data. In the preferred embodi-
ment, the method further includes the step of receiving infor-
mation that signals the completion of a footstep by the user
S190. The signal of a completion of a footstep is preferably
used, in addition to the first and second comparisons, in the
step of adjusting the scaling parameter. The step of receiving
information that signals the completion of a footstep by the
user S190 preferably includes determining the completion of
at least two interval portions that complete a footstep or gait
cycle. Determining the completion of two interval portions is
preferably involves analyzing force data from the force sen-
sors. For example, a first interval portion may be the portion
of a gait cycle between heel strike to toe off, the interval
during which at least some of the user weight is on the foot
and therefore on at least one of the force sensors (e.g., a
nonzero calculated weight value, or a calculated weight value
greater than a threshold above zero). At some point during this
first interval portion, the full patient weight is expected to be
on the foot pad. A second interval portion may be the portion
of a gait cycle between toe off and heel strike of the subse-
quent footstep, the interval during which no weight is on the
foot (e.g., a calculated weight value of zero or approximately
zero within a threshold). The first and second intervals pref-
erably combine to form an entire gait cycle. However, the first
and second intervals may each be any suitable portion of a
footstep that begins and ends at any suitable point in a gait
cycle (for example, an entire footstep may range from toe-off
to toe-off, or from heel strike to heel strike). In alternative
embodiments, receiving information that signals completion
of'a footstep may include determining the completion of three
or more intervals, each any suitable portion of a gait cycle.
However, the step of receiving information that signals the
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completion of a footstep by the user may alternatively and/or
additionally include analyzing sensor data from a knee angle
sensor, analyzing accelerometer data, analyzing gyroscope
data, analyzing the time lag between data from different force
sensors in the foot pad, analyzing data from sensors on the
surface on which the user takes the footstep, analyzing data
from visual markers placed on the user, registering an inter-
ruption in an optical path (such as that between a light sensor
and a laser or a light-emitting diode), receiving manual input
by a person, and/or any suitable method of determining
completion of a footstep by the user. The method may addi-
tionally and/or alternatively include receiving information
that signals the beginning of a footstep by the user, which may
involve detection methods similar those used in the step of
receiving information that signals the completion of a foot-
step by the user.

[0023] As shown in FIG. 2, the step of comparing the cal-
culated weight value to the entered patient weight in a first
comparison S150 preferably has two variations. In a first
variation, the step of comparing the calculated weight value to
the entered patient weight S150 is performed without any
knowledge of completion of a footstep. In this variation, the
calculated weight value may be compared to the entered
patient weight, or to the entered patient weight multiplied by
a constant such as 1.2. In a second variation, the step of
comparing the calculated weight value to the entered patient
weight S150' is performed after receiving information signal-
ing completion of a footstep, and preferably includes com-
paring the maximum calculated weight value calculated dur-
ing the footstep to the entered patient weight. Similarly, the
step of comparing the calculated weight value to zero S160 in
a second comparison preferably has two variations. In a first
variation, the step of comparing the calculated weight value to
zero S160 is performed without any knowledge of completion
of'a footstep. In a second variation, the step of comparing the
calculated weight value to zero S160' is performed after
receiving information signaling completion of a footstep, and
preferably includes comparing the minimum calculated
weight value calculated during the footstep to zero. Each of
the variations of steps S150 and S160 preferably provides
information used in the step of adjusting the scaling param-
eter S170.

[0024] The step of adjusting the scaling parameter S170
functions to calibrate the conversion of the collected force
data into a calculated weight value. As shown in FIG. 1, the
step of adjusting the scaling parameter preferably includes
adjusting a gain value S172 and/or adjusting an offset value
S176.

[0025] Asshown in FIGS. 2 and 3, the step of adjusting the
gainvalue S172 preferably includes decreasing the gain value
S173 if the calculated weight value is greater than the entered
patient weight value; and/or increasing the gain value S174 if
the user has completed a footstep and the maximum of the
calculated weight values calculated during the footstep is less
than the entered patient weight value. Ifa calculated weight at
any time is greater than the entered patient weight value,
decreasing the gain value S173 will decrease the next calcu-
lated weight value and calibrate the conversion of the col-
lected force data to calculated weight value to result in a more
accurate calculated weight value. In a preferred embodiment,
the step of decreasing the gain value S173 is performed if the
calculated weight value is greater than a threshold above the
entered patient weight value. The threshold may, for example,
be a percentage such as 20% above the entered patient weight
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value, or a set absolute amount of weight above the entered
patient weight value applicable for a variety of entered patient
weight values. The threshold preferably compensates for an
expected increase in weight on foot due to ground impact
force as the user completes footsteps, compared to a static
entered patient weight. If the maximum weight value calcu-
lated throughout a footstep taken by the user (at some point
during the step, the maximum expected weight, or the entered
patient weight value, should be placed on the foot of the user)
is less than the entered patient weight value, increasing the
gain value S174 will increase the next calculated weight value
and calibrate the conversion of the collected force data to
calculated weight value to result in a more accurate calculated
weight value. Decreasing the gain value S173 is preferably
performed without any knowledge of the gait cycle phase of
the user. Increasing the gain value S174 preferably may be
performed only if the user is presumed to have completed a
footstep, such as by receiving information that signals
completion of a footstep by the user or receiving information
that signals the beginning of a subsequent footstep. Increas-
ing the gain is preferably not performed when the maximum
possible user weight should not be placed on the foot of the
user, such as when the user is sitting down, tapping their foot,
or standing with weight on both feet. The amount by which
the gain value is increased or decreased may be a constant
number (such as +1 or —0.5), a number dependent on the scale
of the calibration needed (such as based on the amount of
difference in the first or second comparison), or any suitable
number. The step of adjusting the gain value S172 is prefer-
ably performed automatically by the processor, but may alter-
natively and/or additionally be performed by a person such as
the user, a physical therapist, or caregiver through a computer
or other interface.

[0026] Asshown in FIGS. 2 and 3, the step of adjusting the
offset value S176 preferably includes decreasing the offset
value S177 if the user has completed a footstep and the
minimum of the calculated weight values calculated during
the footstep is greater than zero; and/or increasing the offset
value S178 if the calculated weight value is less than zero. If
the minimum weight value calculated throughout a step taken
by the user (at some point during the step, a minimum
expected weight of zero should be placed on the foot of the
user as the user lifts their foot off the ground) is greater than
zero, decreasing the offset value S177 will decrease the next
calculated weight value and calibrate the conversion of the
collected force data to calculated weight value to result in a
more accurate calculated weight value. Ifa calculated weight
at any time is a (nonsensical) negative weight value less than
zero, increasing the offset value S178 will increase the next
calculated weight value and calibrate the conversion of the
collected force data to calculated weight value to result in a
more accurate calculated weight value. Decreasing the offset
value S177 preferably may be performed only if the user is
presumed to have completed a footstep, such as by receiving
information that signals completion of a footstep by the user
or receiving information that signals the beginning of a sub-
sequent footstep. Increasing the offset value S178 preferably
may be performed at any time without any knowledge of the
gait cycle phase of the user. Similar to adjusting the gain
value, the amount by which the offset value is increased or
decreased may be a constant number (such as +1 or -0.5), a
number dependent on the scale of the calibration needed, or
any suitable number. The step of adjusting the offset value
S176 is preferably performed automatically by the processor,
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but may alternatively and/or additionally be performed by a
person such as the user, a physical therapist, or caregiver
through a computer or other interface.

[0027] Step S180, which includes periodically repeating
one or more of the above steps, preferably includes preparing
for the subsequent cycle of steps of the method. Preparing for
the subsequent cycle of steps of the method may include
resetting the minimum weight calculated throughout a foot-
step taken by the user and the maximum weight value calcu-
lated throughout a footstep taken by the user. In resetting the
minimum and maximum calculated weight values, the mini-
mum and maximum calculated weight values may be erased
from memory, set to zero, or set to any suitable values that
effectively ensures that new minimum and maximum calcu-
lated weight values will be obtained in the next cycle. For
example, resetting may include setting the minimum calcu-
lated weight to a high number and setting the maximum
calculated weight to a low number, in which case the next
cycle is expected to overwrite each of the minimum and
maximum calculated weight values with new, potentially
more accurate, values.

[0028] In a preferred variation of the method as shown in
FIG. 4, the method further includes applying the stored cal-
culated weight to selectively control an actuator of a mobility
assistance device to enhance the mobility of a leg of the user
S182. The mobility assistance device is preferably an active
orthotic device such as that described in U.S. Pat. No. 7,537,
573 entitled “Active muscle assistance and resistance device
and method”, which is incorporated in its entirety by refer-
ence. However, the mobility assistance device may alterna-
tively be an active prosthetic device, or any suitable mobility
assistance device.

[0029] As shown in FIG. 1, in some variations of the
method, the method may further include the step of storing
the calculated weight value S194, which functions to retain
the calculated weight value for future use. As an example, the
stored calculated weight values may be compiled to create a
log of calculated weight values, which may be used in real-
time and/or intended for later use in a variety of applications
such as: obtaining a continuous stream of weight-on-foot data
for gait analysis, tracking consistency of raw force data pro-
vided by a force sensor, and tracking progress in gait training.
The step of storing the calculated weight value S194 is pref-
erably performed for each calculated weight. As an example,
storing every calculated weight may provide a high-resolu-
tion log that stores every sample. However, the step of storing
the calculated weight value may alternatively be performed
for only a portion of calculated weights. As an example, the
step of storing may include a lossy compression of the calcu-
lated weight, which may provide a low-resolution log with a
smaller file size. The step of storing the calculated weight
value S194 is preferably performed by the processor, but may
alternatively and/or additionally be performed by a person
such as the user, a physical therapist, or caregiver. However,
the step of storing the calculated weight may alternatively
include sending the calculated weight value to an external
printer, logger, computer, or another device such as an active
orthotic device or an active prosthetic device. Sending the
calculated weight value may be performed through a cable or
a wireless communications interface such as Bluetooth.

[0030] Other variations of the method include every com-
bination and permutation of steps. As an example, the step of
adjusting the offset value S176 may be performed before or
after the step of adjusting the gain value S172. As another
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example, the step of adjusting the gain may be omitted, or the
step of adjusting the offset may be omitted.

2. Method of Obtaining Weight Data with Fault Tolerance
[0031] Ina second preferred embodiment of the method of
obtaining weight data, the method of obtaining weight data
200 with fault tolerance is preferably used to obtain weight
data from a force sensor in a foot pad worn by a user. As
shown in FIG. 3, the method preferably includes the steps of:
placing a plurality of force sensors under a foot of the user
S210; collecting force data from the force sensor S220; com-
paring the force data to a functionality indication range S230;
if the collected force data is outside the functionality indica-
tion range, flagging the force sensor as nonfunctional S240
and disregarding force data from the flagged force sensor
S242; calculating a weight value based on the collected force
data S250; and the step S260 of periodically repeating the
steps of collecting force data, comparing the collected force
data, flagging the force sensor, disregarding force data from
the flagged force sensor, and calculating a weight value. Steps
S220, S230, S240, S242, and S250 are preferably repeated
periodically for each of a plurality of force sensors in the foot
pad, but may alternatively be repeated periodically for a
single force sensor in the foot pad, or repeated periodically for
only a portion of a plurality of force sensors in the foot pad.
[0032] Likethe method of obtaining weight data with auto-
matic calibration, the method of obtaining weight data 200
with fault tolerance is preferably performed to gather weight
data that is applied to selectively control an active mobility
assistance device that enhances the mobility of the leg of the
user (such as an active orthotic device or an active prosthetic
device), to a patient monitoring device, or to any suitable
device that incorporates, collects, and/or analyzes weight-on-
foot data. As an example, the method may be performed to
gather data that an active assistance device uses to determine
how to control an actuator that applies assistance and/or resis-
tance to movement. The method is preferably faulttolerant, in
that the method obtains accurate weight values despite any
faulty sensors, up to a predetermined point. For example, the
method recognizes any broken sensors and adjusts to con-
tinue obtaining accurate weight values if one or more sensors
are broken.

[0033] Step S210, which includes placing a plurality of
force sensors under a foot of the user, functions to strategi-
cally position the force sensor relative to the foot of the user.
The step preferably includes the step of placing at least one of
the plurality of force sensor under at least one of the ball of the
foot and the heel of the foot, which is preferably similar to
Step S110 as described above. However, the step of placing a
plurality of force sensors under a foot of the user S210 may
alternatively include placing a plurality of force sensors in
any suitable location.

[0034] Step S220, which includes collecting force data
from the force sensor in the foot pad, functions to gather
information from the force sensor. The step of collecting
force data S220 is preferably similar to Step S130 as
described above. Force data is preferably collected from mul-
tiple force sensors in the foot pad, allowing for wider cover-
age and redundancy.

[0035] Step S230, which includes comparing the force data
to a functionality indication range, functions to provide a test
whose results are used to determine whether the force sensor
and/or its signal communication path is functioning normally.
The functionality indication range is preferably a voltage
range set by a resistor that is electrically connected relative to
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each force sensor. Alternatively, the functionality indication
range may alternatively be a current range, a resistance range,
a capacitance range, or any suitable kind of measure. A par-
ticular force sensor is preferably considered functional if the
value of its force data is within the functionality indication
range, and is preferably considered nonfunctional if the value
of its force data is outside of the functionality indication
range. For example, in a first category of force sensor errors
with the signal processing circuit shown in FIG. 8, a broken
sensor, absent force sensor, broken wire, broken connector or
another portion of the force sensor connection path preferably
produces a high voltage force data that is above the function-
ality indication range. As another example, in a second cat-
egory of force sensor errors with the signal processing circuit
shown in FIG. 8, a sensor shorted to ground or any portion of
the force sensor connection path shorted to ground preferably
produces a low voltage force data that is below the function-
ality indication range. The functionality indication range is
preferably the same for force data from every force sensor.
Alternatively, the functionality indication range may be the
same for force data from a portion of force sensors, or the
functionality indication range may be different for force data
from every force sensor. The step of comparing the force data
to a functionality indication range S230 is preferably per-
formed by a processor, but may alternatively be performed
manually by a person, or through any suitable method.

[0036] The steps of flagging the force sensor as nonfunc-
tional S240 and disregarding force data from the flagged force
sensor S242 are preferably performed if the collected force
data is outside the functionality indication range. The step of
flagging the force sensor as nonfunctional S240 functions to
distinguish nonfunctional force sensors from functional force
sensors. The step of flagging the force sensor S240 may
include identifying an event and tracking the number of
flagged force sensors S244. For example, the identified event
may be of the first category (collected force data is above the
functionality indication range) or second category (collected
force data is below the functionality indication range) of force
sensor errors as described above, which may include a broken
force sensor, an absent force sensor, or a broken wire, con-
nector or other portion of the force sensor connection path, or
any suitable notable event that causes the collected force data
to be outside the functionality indication range. The step of
tracking the number of flagged force sensors S244 functions
to maintain a count of flagged force sensors that is useful for
determining when the foot pad is no longer reliable to use
with the method. The method preferably continues to be
performed when one force sensor has been flagged, and pref-
erably continues to be performed when up to a predetermined
number of force sensors have been tracked as flagged force
sensors. The method preferably ceases to be performed when
the predetermined number of force sensors have been tracked
as flagged force sensors. The value of the predetermined
number preferably depends on the specific application, the
number of force sensors that are available in the foot pad,
and/or the desired degree of accuracy in the weight values
obtained by the method. In some variations, if the collected
force data is outside the functionality indication range, the
method further includes providing notification that at least
one force sensor is nonfunctional, which may include provid-
ing notification of the category of force sensor error (e.g., a
first category in which the collected force data is above the
functionality indication range or a second category in which
the collected force data is below the functionality indication
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range, as described in the examples). Providing such notifi-
cations, such as to a user or operator, may be advantageous,
such as to alert of a nonfunctional sensor and the possible
need for repair.

[0037] The step of disregarding force data from the flagged
force sensor S242 functions to prevent force data from
flagged nonfunctional force sensors from being used to cal-
culate a weight value, thereby increasing accuracy of weight
values obtained with the foot pad. The step may be accom-
plished in many ways, including flagging the force data,
erasing the force data, de-indexing the force data, or any other
suitable way of disregarding force data from the flagged force
sensor S242.

[0038] Step S250, which includes calculating a weight
value based on the collected force data, functions to convert
the collected force data into a meaningful weight value.
Except as noted below, the step of calculating a weight value
S250 is preferably similar to the step S140 as described
above. The step of calculating a weight value based on the
collected force data S250 preferably is not performed using
any disregarded force data from a flagged force sensor.
[0039] In some variations of the method, the method may
further include the step of storing the calculated weight value
S270 and/or applying the calculated weight value to selec-
tively control an actuator of a mobility assistance device to
enhance the mobility of a leg of the user S280, which are
preferably similar to those steps S122 and S182, respectively,
as described above.

[0040] Other variations of the method include every com-
bination and permutation of steps of both the first and second
preferred embodiments. For example, the method may
include the steps of calculating a weight value based on the
collected force data and a scaling parameter S140 and adjust-
ing the scaling parameter S170 of the first embodiment of the
method 100, in combination with the steps of comparing the
collected force data to a functionality indication range S230
and flagging the force sensor as nonfunctional S240 if the
collected force data is outside the functionality indication
range of the second embodiment of the method.

3. Foot Pad Device

[0041] As shown in FIGS. 4 and 5, the foot pad device 300
of the preferred embodiments preferably includes a foot pad
310 worn on the foot of a user; a plurality of force sensors 320
that provide force data; sensor electronics 330 that condition
the force data to be within a conditioned force data range; and
a processor 350 that calculates a weight value based on the
conditioned force data. The foot pad device 300 is preferably
used to obtain weight values that are communicated to and
applied to selectively control a mobility assistance device
such as that described in U.S. Pat. No. 7,537,573, as refer-
enced above. However, the foot pad device 300 may alterna-
tively be used to obtain weight values that are communicated
to another active assistance device (such as an active orthotic
or active prosthetic), to a patient monitoring device, to any
suitable device that incorporates weight-on-foot data, or to
any suitable device that collects and/or analyzes weight-on-
foot data. As an example, the foot pad device 300 may be
integrated into a mobility assistance device, which may uti-
lize the weight-on-foot data to determine how to control an
actuator that applies assistance and/or resistance to move-
ment. The foot pad device 300 is designed to compensate for
spurious and/or affected weight readings and to be fault-
tolerant.
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[0042] The foot pad 310 of the foot pad device preferably
functions to provide a wearable platform for the force sensors
320 of the foot pad device. The foot pad 310 preferably
includes one or more regions in which force sensors 320 may
be strategically placed to obtain force data from desired areas
of the foot of the user. As shown in FIG. 5, the foot pad 310
preferably includes a ball region 312 that allows a force
sensor to be positioned under the ball of the foot of the user,
and/or a heel region 314 that allows a force sensor to be
positioned under the heel of the foot of the user. However, the
foot pad 310 may additionally and/or alternatively include an
archregion, a toe region, a dorsal (top of foot) region, an ankle
region, or any other suitable region in which to position a
force sensor.

[0043] The footpad 310 is preferably selected from a group
of foot pads of different sizes, such as small, medium, large,
and extra large. The group of foot pad sizes may alternatively
and/or additionally include numbered sizes or more grada-
tions of sizes. Alternatively, the foot pad 310 may be a uni-
versal single size. The foot pad 310 is preferably generally flat
and extends under the sole of the foot of the user. The foot pad
may additionally and/or alternatively wrap around the medial
side, the lateral side, the dorsal side, and/or any suitable side
of'the foot, ankle, and/or lower leg. The foot pad may include
padding and/or rigid structures to provide support to selected
portions of the foot such as the arch. The foot pad may
additionally and/or alternatively be integrated into a shoe
and/or a device that includes a foot structure, such as an
ankle-foot orthosis or a knee-ankle-foot orthosis.

[0044] As shown in FIG. 5, the foot pad 310 preferably
includes surface textiles 316 (transparent in FI1G. 5) that pro-
vide a comfortable interface for the foot of the user, and a
strap 318 (transparent in FIG. 5) that helps secure and posi-
tion the foot pad to the foot of the user. The foot pad 310 may
alternatively have more than one strap, and/or omit the sur-
face textiles and/or strap. The surface textiles 316 are prefer-
ably two pieces of adhesive-backed fabric that sandwich the
force sensors and are cut into the approximate shape of a foot
sole of the desired foot pad size. The surface textiles 316 may
additionally and/or alternatively include an anti-microbial
covering, adhesive covering, and/or a peel-off disposable
covering, and may be coated or silk-screened with silicone or
other suitable high friction material for traction. The strap 318
of the foot pad preferably is located near the ball region 312
and wraps over the toes of the user. The strap 318 may alter-
natively be located over the forefoot, midfoot, and/or hind-
foot region of the foot pad, attached to wrap around the ankle,
or any suitable portion of the foot pad. The strap 318 is
preferably a strip of elastic webbing that stretches over the
toes of the user and whose ends are sewn into the surface
textiles. The strap 318 may alternatively be a strap that the
user adjusts and/or fastens with fasteners such as a clasp,
buckle, hook and loop fastener, hook and eye, or any other
suitable fastener. The strap may additionally and/or alterna-
tively be made of leather, string, the same material as the
surface textiles 316, or any suitable material. The foot pad 310
may be side specific (e.g., designed for a left foot or for a right
foot), or the foot pad 310 may be invertible to be used with
either a left foot and a right foot, such as by flipping the foot
pad so that the previous bottom face is the upper face, and
inverting the strap 318 to wrap over the upper face.

[0045] The plurality of force sensors 320 of the foot pad
device preferably functions to provide force data. The foot
pad device preferably includes multiple force sensors to pro-
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vide force data reflecting wider coverage of forces applied by
the foot of the user, and to provide redundancy in that the foot
pad device can continue to provide force data in the event of
the failure of a portion of the force sensors. The foot pad
preferably includes at least one force sensor located in the ball
region 312 and/or heel region 314 of the foot pad 310. More
preferably, as shown in FIG. 5, the foot pad includes two force
sensors 320 in the ball region and two force sensors 320 in the
heel region, such that one force sensor located at each of the
following regions: an inside ball position (BI), an outside ball
(BO) position, an anterior heel (HA) position, and a posterior
heel (HP) position. However, a force sensor may alternatively
be located at a portion of any the BI, BO, HA, and HP
positions, at the arch region, the toe region, the dorsal region,
the ankle region, and/or any suitable location on the foot pad.
The exact locations of the force sensors 320 are preferably
specific to the foot pad sizes, but the force sensors may alter-
natively be in the same locations for every size, or may be
movable to adjust to different foot sizes and foot pad sizes. As
shown in FIG. 6, for progressively larger foot pad sizes, the
force sensors are preferably placed at an increased distance
from the middle of the foot pad. This arrangement more
accurately places the BI and BO force sensors (322 and 324,
respectively) under the ball of the foot of the user, and the HA
and HP force sensors (326 and 328, respectively) under the
heel of the foot of the user. The force sensors are preferably
embedded in the foot pad, but may alternatively be placed
above, below, and/or on any exterior surface of the foot pad.

[0046] The force sensors 320 are preferably force sensitive
resistors (FSRs) that change electrical resistance with
changes in applied force, but each force sensor may alterna-
tively be a pressure sensor combined with an air bladder, a
piezoelectric sensor, a capacitive sensor, or any suitable type
of sensor. The force sensors preferably provide force data in
the form of voltage, but may alternatively be in the form of
current, resistance, capacitance, and/or any other suitable
form.

[0047] The sensor electronics 330 of the foot pad device
300 preferably function to condition the force data to be
within a conditioned force data range. The conditioned force
data range is preferably selected from a group of conditioned
force data ranges. As shown in FIG. 7, the sensor electronics
330 preferably includes a flexible circuit 332 that preferably
defines multiple applicable sensor positions 336 and includes
multiple force sensor connections paths 334 adapted to trans-
mit force data; and signal processing circuitry 338.

[0048] The flexible circuit 332 preferably functions to pro-
vide a flexible platform to which the force sensors connect.
The circuit is preferably flexible to absorb energy from
impact of the foot of the user, and to bend and conform to most
motions of the foot. In other embodiments, the force sensors
may attach to a rigid or semi-rigid circuit. A single flexible
circuit design is preferably designed for use in all foot pad
sizes, but the flexible circuit is preferably used in different
ways for different foot pad sizes. Alternatively, multiple flex-
ible circuit designs may be designed and used for different
foot pad sizes. The set of sensor positions 336 of the flexible
circuit 332 preferably are defined by pre-marked indications
applicable for force sensor placement. As shown in FIG. 6, the
applicable sensor positions 336 for force sensor placements
are preferably outlines of force sensors (such as square out-
lines for square FSRs) drawn on the flexible circuit 332 in
predesignated locations. The number of applicable sensor
positions 336 preferably is greater than the number of force
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sensors, such that the force sensors are located in a selected
portion of sensor positions 336. However, the number of
applicable sensor positions 336 may alternatively be equal to
the number of force sensors, or may be less than the number
of'force sensors such that at least a portion of the force sensors
overlap and share a sensor position. The selected portion of
sensor positions 336 where force sensors are located on the
flexible circuit is preferably based on the foot pad size. As
exemplified in FIG. 6A, a force sensor arrangement on the
flexible circuit for a small foot pad size includes the BI and
BO force sensors (322 and 324, respectively) located in the
most posterior pre-marked sensor positions in the ball region,
and the HA and HP force sensors (326 and 328, respectively)
located in the most anterior pre-marked sensor positions in
the heel region (all force sensors closest to the middle of the
foot). As exemplified in FIG. 6D, a force sensor arrangement
on the flexible circuit for an extra large foot pad size includes
the BI and BO force sensors (322 and 324, respectively)
located in the most anterior pre-marked sensor positions in
the ball region, and the HA and HP force sensors (326 and
328, respectively) located in the most posterior pre-marked
sensor positions in the heel region (all force sensors the fur-
thest from the middle of the foot). FIGS. 6B and 6C show
possible force sensor arrangements on the flexible circuit for
medium and large foot pad sizes, respectively, in which force
sensors are placed in pre-marked sensor positions intermedi-
ate between the small foot pad size of FIG. 6A and the extra
large foot pad size of FIG. 6D.

[0049] The sensor positions 336 may additionally and/or
alternatively include any suitable markings, such as an etched
outline, an embossed outline, alignment tick marks, and/or
centering tick marks. A force sensor is preferably located on
each of a selected portion of the sensor positions for force
sensor placement on the flexible circuit, and the selected
portion is preferably selected based on foot pad size.

[0050] The force sensor connection paths 334 of the flex-
ible circuit 332 are preferably conductive traces formed
directly on the flexible circuit 332, but may alternatively be
thin wires or any suitable signal conductive paths. At least one
force sensor connection path preferably extends from each
sensor position 336, such that the force sensor connection
path is adapted to transmit force data from a force sensor
located at the pre-marked sensor position. In a first variation,
the number of force sensor connection paths 334 may be
equal to the number of applicable sensor positions 336 such
that every force sensor connection path is connected to a force
sensor. In a second variation, the number of force sensor
connection paths 334 may be greater than the number of
applicable sensor positions 336. In this second variation,
during construction of the sensor electronics, each of a
selected portion of force sensor connection paths may be
connected to a force sensor. The selection of connected force
sensor connection paths is preferably coupled to the selection
of pre-marked sensor positions, which is preferably in turn
based on the size of the foot pad. For example, a flexible
circuit for a small size foot pad may connect a first subset of
the force sensor connection paths to force sensors, whereas a
flexible circuit for a large size foot pad may connect a second
subset of the force sensor connection paths to force sensors,
where the first and second subsets may or may not be mutu-
ally exclusive.

[0051] The signal processing circuitry 338 functions to
condition the force data from the force sensors. As shown in
FIGS. 7 and 8, the signal processing circuitry preferably
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includes a resistor 340 of a selected value that is electrically
connected relative to each connected force sensor connection
path and that characterizes the collected force data. The signal
processing circuitry may alternatively include a resistor 340
of a selected value that is electrically connected relative to
every available force sensor connection path in anticipation of
the possibility of being connected to a force sensor, such that
a resistor will only have an effect on the force data if it is
electrically connected relative to a connected force sensor
connection path. As shown in FIG. 8, the resistor 340 is
preferably placed in parallel electrically with each force sen-
sor, but may alternatively be placed in any suitable electrical
orientation relative to the force sensor connection path and/or
force sensor. The resistor value is preferably selected from a
set of resistor values, and the resistor value is preferably
associated with a foot pad size and/or the selected sensor
positions 336, such that the resistor value is selected based on
the foot pad size and/or the location of each force sensor. As
a result of a set of selected resistor values (one for each
connected force sensor connection path), the characterized
force data is preferably associated with a foot pad size. The
signal processing circuitry may further include analog and/or
digital electronics that filter and/or modify the gain value
and/or offset value of the force data.

[0052] The processor 350 of the foot pad device preferably
functions to periodically calculate a weight value based on the
conditioned force data. The processor 350 preferably calcu-
lates a weight value based on a scaling parameter, which
preferably includes a gain value and/or an offset value. For
example, the processor preferably calculates a weight value
by expressing the calculated weight as a function of the col-
lected force data, the gain value, and the offset value, such as
(calculated weight)=(gain)*(collected raw force data)+(off-
set). The processor 350 preferably analyzes the characterized
force data to determine foot pad size. For example, when no
weight is applied to a force sensor (which may be recognized
by determining phase of the gait cycle of the user using
methods similar to the step of receiving information signaling
completion of a foot step described above), collected force
data from that force sensor is a nominal value that is predict-
ably characterized by the resistor 340. The processor 350 may
match the characterized force data to one or more of a set of
known characterized force data ranges (for zero weight) that
are based on a known set of selectable resistor values, which
are each associated with a foot pad size. The processor 350
may then determine the foot pad size by matching the char-
acterized force data to its associated foot pad size. The pro-
cessor 350 may additionally and/or alternatively include any
suitable scaling parameter that scales the conditioned force
data. The processor 350 preferably additionally and/or alter-
natively stores the calculated weight value, adjusts the scaling
parameter, and/or analyzes the force data to identify nonfunc-
tional force sensor events, such as by performing method 100
and method 200, as described above. The processor 350 pref-
erably includes analog and/or digital processing elements and
firmware.

[0053] In one very specific example of the preferred
embodiment of the foot pad device, each of four FSR force
sensors in the foot pad is preferably pulled up to 3.3V by a
nominally 4.75K pullup resistor. The resistance of each FSR
ranges from several megaohms with no weight, to approxi-
mately 40 ohms with more than 100 Ibf. As shown in FIG. 8,
each FSR connects between an ADC input of the processor
and ground, and acts to pull voltage lower with more applied
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force to the FSR. Each FSR of the foot pad device generates
a voltage that is connected to ADC analog inputs of the
processor. The signals connected to the ADC inputs of the
processor are designated Foot[3:0] which correspond to four
force sensors [HP, BO, HA, BI]. The ADC has a 2.5V refer-
ence and all voltages above 2.5V give a maximum value
(0x3FF). As shown in FIG. 9, a resistor is placed electrically
parallel to a force sensor connection path, which may be
connected to an FSR in any one of the pre-marked sensor
positions 336 for each FSR area. For example, resistor 340' is
placed electrically parallel to the force sensor connection path
that may be connected to an FSR in any one of pre-marked
sensor positions 336' for a BI force sensor. The parallel resis-
tor 340 placed relative to each connected force sensor con-
nection path preferably has a value of less than 14 Kohms to
keep the force sensor voltage data within a predetermined
force data range of 0-2.5V. As shown in FIG. 9, two values of
resistors 340 are placed parallel to the connected force sensor
connection paths depending on the location of the force sen-
sor and foot pad size, with 10K indicating a binary 1 (higher
voltage) and 8K indicating a binary 0. The resistors on the
four sensors Foot[3:0] provide a 4-bit value that indicates the
foot pad size. The processor reads the four sensor values to
determine presence or absence of a foot sensor, good or bad
sensor connections, and the size of the foot sensor according
to the table shown in FIG. 9. The smallest size is size 0, with
all sensors closest to the arch, and the largest is size 7 with all
sensors farthest from the arch. Some applications may make
use of readings from two ball sensors that are in different
locations. These nonstandard sizes can be indicated, for
instance as size 31 that indicates the ball inside (BI) sensor is
farthest from the heel, and the ball outside (BO) sensor is two
positions closer to the arch.

[0054] As apersonskilled in the art will recognize from the
previous detailed description and from the figures and claims,
modifications and changes can be made to the preferred
embodiments of the invention without departing from the
scope of this invention defined in the following claims.

We claim:

1. A method of obtaining weight data from a force sensor in
a foot pad worn by a user engaging in a footstep, comprising
the steps of:

a. placing a force sensor under at least one of the ball of the

foot of the user and the heel of the foot of the user;

b. receiving an entered patient weight value for the user;

c. collecting force data from the force sensor;

d. calculating a weight value based on the collected force
data and a scaling parameter that scales the collected
force data;

e. comparing the calculated weight value to the entered
patient weight value in a first comparison;

f. comparing the calculated weight value to zero ina second
comparison;

g. adjusting the scaling parameter based on at least one of
the first and second comparisons; and

h. repeating Steps (c) through (g) periodically.

2. The method of claim 1, wherein the step of calculating a
weight value includes calculating a weight value based on the
collected force data and the scaling parameter that includes a
gain value.

3. The method of claim 2, wherein the step of adjusting the
scaling parameter includes decreasing the gain value if the
calculated weight value is greater than the entered patient
weight value.
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4. The method of claim 2, further comprising the step of
receiving information that signals a completion of the foot-
step by the user, wherein the step of adjusting the scaling
parameter includes increasing the gain value if the received
information signals a completion of the footstep and the
maximum of the calculated weight values during the footstep
is less than the entered patient weight value.

5. The method of claim 1, wherein the step of calculating a
weight value includes calculating a weight value based on the
collected force data and the scaling parameter that includes an
offset value.

6. The method of claim 5, further comprising the step of
receiving information that signals a completion of the foot-
step by the user, wherein the step of adjusting the scaling
parameter includes decreasing the offset value if the received
information signals a completion of the footstep and the mini-
mum of the calculated weight values during the footstep is
greater than zero.

7. The method of claim 5, wherein the step of adjusting the
offset value includes increasing the offset value if the calcu-
lated weight value is less than zero.

8. The method of claim 1, further comprising the step of
applying the calculated weight value to selectively control an
actuator of a mobility assistance device to enhance the mobil-
ity of'a leg to the user.

9. A method of obtaining weight data from a force sensor in
a foot pad worn by a user, comprising the steps of:

a. placing a plurality of force sensors under a foot of the

user;

b. collecting force data from the force sensor;

c. comparing the collected force data to a functionality

indication range;

d. if the collected force data is outside the functionality

indication range,
flagging the force sensor as nonfunctional; and
disregarding force data from the flagged force sensor;

e. calculating a weight value based on the collected force

data; and

f. repeating Steps (c) through (e) periodically.

10. The method of claim 9, wherein the step of placing a
plurality of force sensors under a foot of the user includes
placing at least one of the plurality of force sensors under at
least one of the ball of the foot and the heel of the foot.

11. The method of claim 9, wherein the step of repeating
Steps (¢) through (e) is performed for each of the plurality of
force sensors in the foot pad.

12. The method of claim 9, wherein the step of repeating
Steps (c) through (e) continues to be performed when one
force sensor has been flagged.

13. The method of claim 9, further comprising the step of
tracking the number of flagged force sensors, wherein the step
of repeating Steps (c) through (e) ceases to be performed
when a predetermined number of force sensors have been
tracked as flagged force sensors.

14. The method of claim 9, further comprising the step of
applying the calculated weight value to selectively control an
actuator of a mobility assistance device to enhance the mobil-
ity of'a leg of the user.

15. A foot pad device worn on the foot of a user for obtain-
ing weight data comprising:

a foot pad, defining at least one of a ball region located

under the ball of the foot of the user and a heel region
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located under the heel of the foot of the user; wherein the
footpad is selected from a group of foot pads of different
sizes;

aplurality of force sensors that provide force data, wherein
at least a portion of the plurality of force sensors is
located in at least one of the ball region and the heel
region;

sensor electronics, coupled to the plurality of force sensors,
that condition the force data to be within a conditioned
force data range; wherein the sensor electronics include
a flexible circuit with a plurality of force sensor connec-
tion paths adapted to transmit force data from the plu-
rality of force sensors and defining a plurality of appli-
cable sensor positions; wherein the plurality of force
sensors are located in at least a selected portion of the
plurality of applicable sensor positions; and

a processor that calculates a weight value based on the
conditioned force data.
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16. The foot pad device of claim 15, wherein the selected
portion of the plurality of applicable sensor positions are
selected based on the size of the foot pad.

17. The foot pad device of claim 15, wherein the sensor
electronics include a resistor of a selected value that is con-
nected relative to each connected force sensor connection
path; wherein the resistor value characterizes the collected
force data.

18. The foot pad device of claim 17, wherein the resistor
value is associated with the size of the foot pad.

19. The foot pad device of claim 18, wherein the processor
identifies the foot pad size by analyzing the characterized
force data.

20. The foot pad device of claim 17, wherein the processor
flags the force sensor as nonfunctional if the force data is
outside of a functionality indication range and disregards
force data from the flagged force sensor.
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