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(57) Abstract: A quantitative gait training and/or analysis system includes a pair of footwear modules that may include a shank
module and an independent processing module. Each footwear module may have a sole portion, a heel portion, a speaker, vibrotact -
ile transducer and a wireless communication module. Sensors may permit the extraction of gait kinematics in real time and provide
feedback from it. Embodiments may store data for later reduction and analysis. Embodiments employing calibration-based estima-
tion of kinematic gait parameters are described.
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GAIT ANALYSIS DEVICES, METHODS, AND SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims the benefit of U.S. Provisional Application No.
61/982,832, filed April 22, 2014, which is hereby incorporated by reference herein in its

entirety.

FIELD
[0002] The present disclosure relates generally to systems, methods, and devices for gait
analysis and training, and, more particularly, to a wearable, autonomous apparatus for

quantitative analysis of a subject’s gait and/or providing feedback for gait training of the subject.

BACKGROUND

[0003] Pathological gait (e.g., Parkinsonian gait) is clinically characterized using physician
observation and camera-based motion-capture systems. Camera-based gait analysis may provide
a quantitative picture of gait disorders. However, camera-based motion capture systems are
expensive and are not available at many clinics. Auditory and tactile cueing (e.g., metronome
beats and tapping of different parts of the body) are often used by physiotherapists to regulate
patients’ gait and posture. However, this approach requires the practitioner to closely follow the

patient and does not allow patients to exercise on their own, outside the laboratory setting.

SUMMARY

[0004] Systems, methods, and devices for gait training and/or analysis are disclosed herein.
An autonomous system is worn by a subject, thereby allowing for analysis of the subject’s gait
and offering sensory feedback to the subject in real-time. One or more footwear units or
modules are worn by a subject. Sensors coupled to or embedded within the footwear unit
measure, for example, underfoot pressure and feet kinematics as the subject walks. A
processing unit, also worn by the subject, processes data from the sensors and generates
appropriate auditory and vibrotactile feedback via the footwear units in response to these input
data. Embodiments of the disclosed subject matter may be especially advantageous for subjects
that have reduced functionality in their lower limbs, reduced balance, or reduced somatosensory
functions. Feedback provided by the system may help regulate wearer’s gait, improve balance,
and reduce the risk of falls, among other things.

[0005] In embodiments, a gait training and analysis system may be worn by a subject. The

system may include a pair of footwear modules, a processing module, and signal cables, such as
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audio cables. The footwear units may be constructed to be worn on the feet of the subject. Each
footwear module may comprise a sole portion, a heel portion, a speaker, and a wireless
communication module. The sole portion may have a plurality of piezo-resistive pressure
sensors and a plurality of vibrotactile transducers. Each piezo-resistive sensor may be
configured to generate a sensor signal responsively to pressure applied to the sole portion, and
cach vibrotactile transducer may be configured to generate vibration responsively to one or more
feedback signals. The heel portion may have a multi-degree of freedom inertial sensor. The
speaker may be configured to generate audible sound in response to the one or more feedback
signals. The wireless communication module may be configured to wirelessly transmit each
sensor signal. The processing module may be constructed to be worn as a belt by the subject.
The processing module may be configured to process each sensor signal received from the
wireless communication module and to generate the one or more feedback signals responsively
thereto. The signal cables may connect each footwear module to the processing module and
may be configured to convey the one or more feedback signals from the processing module to
the vibrotactile transducers and speakers of the footwear unit.

[0006] In embodiments, a system for synthesizing continuous audio-tactile feedback in
real-time may comprise one or more sensors and a computer processor. The one or more
sensors may be configured to be attached to a footwear unit device of a subject to measure
pressure under the foot and/or kinematic data of the foot. The computer processor may be
configured to be attached to the subject to receive data from the one or more sensors and to
generate audio-tactile signals based on the received sensor data. The generated audio-tactile
signal may be transmitted to one or more vibrotactile transducers and loudspeakers included in
the footwear unit.

[0007] In embodiments, a method for real-time synthesis of continuous audio-tactile
feedback may comprise measuring pressure and/or kinematic data of a foot of a subject, sending
the pressure and/or kinematic data to a computer processor attached to a body part of the subject
to generate audio-tactile feedback signal based on the measured pressure and/or kinematic data,
and sending the audio-tactile feedback signal to vibrotactile sensors attached to the foot of the
subject.

[0008] In embodiments, a system may comprise one or more footwear modules, a feedback
module, and a wearable processing module. Each footwear module may comprise one or more
pressure sensors and one or more inertial sensors. The feedback module may be configured to
provide a wearer of the footwear unit with at least one of auditory and tactile feedback. The
wearable processing module may be configured to receive signals from the pressure and inertial

sensors and to provide one or more command signals to the feedback module to generate the at
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least one of auditory and tactile feedback responsively to the received sensor signals.

[0009] In embodiments, a method for gait analysis and/or training may comprise generating
auditory feedback via one or more speakers and/or tactile feedback via one or more vibrotactile
transducers of the footwear unit. The generating may be responsive to signals from pressure and
inertial sensors of the footwear unit indicative of one or more gait parameters.

[0010] Objects and advantages of embodiments of the disclosed subject matter will become
apparent from the following description when considered in conjunction with the accompanying

drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0011] Embodiments will hereinafter be described with reference to the accompanying
drawings, which have not necessarily been drawn to scale. Where applicable, some features
may not be illustrated to assist in the illustration and description of underlying features.
Throughout the figures, like reference numerals denote like elements.

[0012] FIG. 1 is schematic diagram illustrating components of a system for gait analysis
and training, according to one or more embodiments of the disclosed subject matter.

[0013] FIG. 2A is a schematic diagram illustrating components of a footwear unit of a
system for gait analysis and training, according to one or more embodiments of the disclosed
subject matter.

[0014] FIGS. 2B-2C are side and bottom views of an exemplary footwear module for gait
analysis and training, according to one or more embodiments of the disclosed subject matter.

[0015] FIG. 3A is a schematic diagram illustrating further components of a system for gait
analysis and training, according to one or more embodiments of the disclosed subject matter.

[0016] FIG. 3B is an image of a bottom of an exemplary footwear module, according to one
or more embodiments of the disclosed subject matter.

[0017] FIG. 3C is an image of an exemplary system for gait analysis and training worn by a
subject, according to one or more embodiments of the disclosed subject matter.

[0018] FIG. 3D is an image of a side of an exemplary footwear module, according to one or
more embodiments of the disclosed subject matter.

[0019] FIG. 4 shows graphs of a feedback generation process for a step using the system for
gait analysis and training, including a time derivative of normalized pressure values underneath
the heel and toe (top graph), 1-norm of dynamic acceleration (second graph), exciter signal
scaled in amplitude (third graph), and a synthesized signal simulating snow (bottom graph).

[0020] FIG. 5 illustrates an experimental protocol for evaluating the system for gait

analysis and training.
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[0021] FIG. 6 is a graph of average stride time measured by the system for gait analysis and

training for different bases.

[0022] FIG. 7 is a graph of normalized impact force at initial contact measured by the
system for gait analysis and training for different bases.

[0023] FIG. 8 is a graph of average step length measured by the system for gait analysis
and training for different bases.

[0024] FIG. 9 is a graph of average swing period measured by the system for gait analysis
and training for different bases.

[0025] FIG. 10A is a schematic diagram illustrating further components of another system
for gait analysis and training, according to one or more embodiments of the disclosed subject
matter.

[0026] FIG. 10B is an image of the system of FIG. 10A worn by a subject.

[0027] FIG. 10C is an image of a bottom of an exemplary footwear module, according to
one or more embodiments of the disclosed subject matter.

[0028] FIG. 10D is an image of a side of an exemplary footwear module, according to one
or more embodiments of the disclosed subject matter.

[0029] FIG. 11 is an image illustrating the positions of reflective markers for calibration of
a system for gait analysis and training, according to one or more embodiments of the disclosed
subject matter.

[0030] FIG. 12 shows graphs of correlation, frequency distribution of measurement error,
and Bland-Altman plots for the system for gait analysis and training, according to one or more
embodiments of the disclosed subject matter.

[0031] FIGS. 13A-14B illustrate different arrangements for the footwear units and
processing module worn by a subject, according to one or more embodiments of the disclosed
subject matter.

[0032] FIGS. 15-16 show calibration procedures for generating subject-specific and
subject-generic production estimation models for kinematic parameters which may be used for
generation of real time feedback, according to one or more embodiments of the disclosed subject
matter.

[0033] FIG. 17 shows a production method for generation of real time feedback
responsively to a generic or subject-specific model, according to one or more embodiments of

the disclosed subject matter.

DETAILED DESCRIPTION

[0034] In one or more embodiments of the disclosed subject matter, a gait analysis and
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training system may provide clinicians, researchers, athletic instructors, parents and other
caretakers or individuals with detailed, quantitative information about gait at a fraction of the
cost, complexity, and other drawbacks of camera-based motion capture systems. Systems may
capture and record time-resolved multiple parameters and transmit reduced or raw data to a
computer that further synthesizes it to classify abnormalities or diagnose conditions. For
example, a subject person’s propensity for falling may be indicated by certain characteristics of
their gait such as a wide stance during normal walking, a compensatory pattern that may be an
indicator of fall-risk.

[0035] Additionally, embodiments of the disclosed gait analysis and training system may
provide subjects with auditory and/or vibrotactile feedback that is automatically generated by
software in real-time, with the aim of regulating/correcting their movements. The gait analysis
and training system may be a wearable gait analysis and sensory feedback device targeted for
subjects with reduced functionality in their lower limbs, reduced balance, or reduced
somatosensory function (e.g., elderly population and PD patients). As the subject walks, the
system may measure underfoot pressure, ankle motion, feet movement and generate data that
may correspond to motion dynamics and responsively to these data, generate preselected
auditory and vibrotactile feedback with the aim of helping the wearer adjust gait patterns or
recover and thereby reduce the risk of falls or other biomechanical risks.

[0036] Referring to FIG. 1, a gait analysis and training system 100 may include one or
more footwear modules 102 and a wearable processing module 104. The footwear unit 102 may
include one or more sensors 106 that measure characteristics of the subject’s gait as the subject
walks, including underfoot pressure, acceleration, or other foot kinematics. The system may
also include one or more remote sensors 124 disposed separate from the footwear unit 102, for
example, on the shank or belt of the subject. Sensor signals from the remote sensors 124 may be
communicated to the closest footwear module 102, for example, via a wired or wireless
connection 134 for transmission to the remote processor 118 together with data from sensors
106 via connection 128. Alternatively, sensor signals from the remote sensors 124 may be
communicated directly to the remote processor 118, for example, by a wired or wireless
connection 130.

[0037] An on-board processing unit 108 may receive signals from the one or more sensors
106, 124 and prepare data responsively to the sensor signals for transmission to a remote
processor 118 of the wearable processing module 104, for example, via transmission 128
between communication module 114 in the footwear unit 102 and a corresponding
communication module 122 in the wearable processing module 104. The on-board processing

unit 108 may include, for example, an analog to digital converter or microcontroller. For
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example, the transmission 128 of sensor data may be via wireless transmission.

[0038] The remote processor 118 of the wearable processing module 104 may receive
the sensor data and determine one or more gait parameters responsively thereto. The remote
processor 118 may further provide feedback, such as vibratory or audio feedback, based on the
sensor data and determined gait parameters, for example, to help the subject learn proper gait.
For example, the feedback may be provided via one or more transducers 110 in the footwear
unit, such as vibrotactile transducers or speakers. The transmission 128 of feedback signals
from the processor 118 to the feedback transducers 110 may be via a wired connection, such as
audio cables. Alternatively or additionally, the feedback may be provided via one or more
remote feedback modules 126 via a wired or wireless connection 132. For example, the remote
feedback module 126 may provide audio feedback via headphones worn by the subject, audio
feedback via a speaker worn by the subject, tactile feedback via transducers mounted on the
body of the subject remote from the foot, or visual feedback via one or more flashing lights.

[0039] The wearable processing module 104 may include an independent power supply
120, such as a battery, that provides electrical power to the components of the processing
module 104, e.g., the remote processor 118 and the communication module 122. In addition,
cach footwear module 102 may include an independent power supply 116, such as a battery, that
provides electrical power to the components of the footwear unit 102, e.g., the sensors 106, the
on-board processing unit 108, the feedback transducers 110, and the communication module
114. Alternatively or additionally, the power supply 120 of the wearable processing module 104
may supply power to both the processing module 104 and the footwear units 102, for example,
via one or more cables connecting the processing module 104 to cach footwear module 102.

[0040] Each footwear module 102 may include at least a sole portion 202, a heel portion
204, and one or more side portions 206, as illustrated in FIGS. 2A-2C. For example, each
portion of the footwear unit 102 may include sensing portions 106, feedback portions 110, and
processing 108 or communication 114 portions. The sole portion 202 may include one or more
pressure sensors 220 as part of sensing portion 106. Optionally, the sole portion 202 may
further include one or more other sensors 224, such as an inertial measurement unit. The sole
portion 202 may further include one or more vibrotactile transducers 222 as part of the feedback
portion 110. The heel portion 204 of the footwear unit 102 may include one or more inertial
sensors 240, such as an inertial measurement unit. Optionally, the heel portion 204 may further
include one or more other sensors 242, such as an accelerometer. The heel portion 204 may
further include a communication module 244, for example, a wireless communication module to
transmit data from sensing portions 106 of the heel portion 204 and/or the sole portion 202. The

side portions 206 may optionally include one or more other sensors, such as an ultrasonic base
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sensor, as part of sensing portion 106. The side portions 206 may further include a speaker 262

as part of the feedback portion 110 and a communication module 264, for example, a wired
communication module to transmit feedback signals from a remote processor to the speaker 262
and/or the vibrotactile transducers 222 of the sole portion. The side portions 206 may also
include an amplification module 266 to amplify the feedback signals from the remote processor.
Arrangements other than those specifically illustrated herein for the sending, feedback,
processing and communication portions among the sole, heel, and side portions are also possible
according to one or more contemplated embodiments.

[0041] Asillustrated in FIGS. 2B-2C, feedback components and sensing devices in the sole
portion 202 of the footwear unit 102 may be grouped together at various regions 270-276 along
the bottom of the foot 250. For example, each region 270-276 may include at least one feedback
transducer (e.g., a vibro-transducer) and at least one pressure sensor (e.g., a piezo-resistive
sensor). Feedback/sensing region 270 may be disposed under the hallux distal phalanx.
Feedback/sensing region 272 may be disposed under the first metatarsal head. Feedback/sensing
region 274 may be disposed under the middle lateral arch and/or the fourth metatarsal head.
Feedback/sensing region 276 may be disposed under the calcancous.

[0042] Referring to FIGS. 3A-3D, a system 300 for gait training and analysis is shown.
The system 300 may include two footwear units 302a, 302b and a processing module 360
attached to the belt 370 of the subject. Each footwear unit 302a, 302b measures pressure under
the foot and kinematic data of the foot. The data is sent wirelessly (e.g., via wireless
connections 352) to a portable single-board computer 364 attached to the belt 370, where the
audio-tactile feedback is generated in real-time and converted to analog signals by a sound card
362. Audio cables 350 (e.g., stereo audio cables similar to those used in headphones) carry the
analog signals from the processing module 360 to each footwear unit 302a, 302b, where they are
amplified (e.g., by one or more amplifiers 330) and fed to vibrotactile transducers 324-328 (e.g.,
having a nominal bandwidth of 90-1000 Hz) embedded in the sole and to one or more speakers
336 of the footwear unit 302a, 302b.

[0043] For example, the audio-tactile feedback may be converted into eight analog signals,
four per leg. The vibrotactile transducers 324-328 may be placed where the density of the
cutaneous mechanoreceptors in the foot sole is highest, so as to maximize the effectiveness of
the vibrotactile rendering. The two anterior actuators (hallux actuator 324 and 1st metatarsal
head actuator 325) may be controlled by the same first feedback signal, while the two posterior
actuators (calcancous anterior aspect actuator 327 and calcaneous posterior aspect actuator 328)
may be controlled by the same third feedback signal. The other feedback components, i.e., the
mid lateral arch actuator 326 and the speaker 336 may be controlled by second and fourth
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feedback signals, respectively.

[0044] Piezo-resistive force sensors 314-317 are attached to or embedded in the sole of
cach footwear unit 302a, 302b. During walking, these signals peak in sequence as the center of
pressure in the foot moves from the heel to the toe, thus allowing identification of the sub-phases
of stance. The signals are digitized, for example, by an analog-to-digital converter 338 (ADC)
and sent to processing module 360 through a first wireless module 346 (e.g., an Xbee or
Bluetooth module). A multi-degree-of-freedom (DOF) inertial measurement unit 340 (IMU),
for example, a 9-DOF IMU, may be mounted at the heel and/or various locations of the footwear
unit 302a, 302b foot (see also FIG. 10C and discussion thereof). For example, the location of
the IMU under the arch (i.e., more remote from the heel) may reduce shock noise caused by heel
strike. Although only a single IMU is illustrated in FIGS. 3A-3D, multiple IMUs are also
possible according to one or more contemplated embodiments. Estimated linear acceleration of
the heel and yaw-pitch-roll angles may be sent to the processing module 360 via a second
wireless module 344 (e.g., an Xbee or Bluetooth module) or via the same wireless module 346
as the data from the pressure sensors 314-317.

[0045] The single-board computer 364 that attaches to the subject’s belt 370 may be
powered by a battery 368 (e.g., a lithium ion polymer (LiPo) battery) that fits on the top of the
computer’s enclosure. A real-time dataflow programming environment running in the computer
364 manages the audio-tactile footstep synthesis engine and also performs data-logging of
pressure data and kinematic data on a memory device, for example, a microSD card.
Modification of the feedback parameters may be accomplished by sending string commands to
the computer 364 wirelessly or via an optional wired input.

[0046] The multi-channel sound card 362 of the processing module 360 may attach to the
belt 370 separate from the computer 364, as illustrated in FIG. 3C, or together with the computer
364. The sound card 362 may convey audio data stream into independent analog channels. For
example, two pairs of sterco cables 350 carry these audio signals to amplifiers 330 (e.g., three
two-channel audio amplifier boards with 3W per channel), which may be mounted on the
lateral-posterior side of the sandals, as illustrated in FIG. 3D. The stereo cables may be bundled
inside thin PET cable-sleeve that attaches to the wearer’s thighs and shanks, for example using
leg mounting straps 372. The cable sleeve routed through the legs does not noticeably restrict
the wearer’s motion.

[0047] The subject wears the footwear units 302a, 302b and the processing module 360 as
the subject would do with normal shoes and a normal belt. The subject, then, connects the
stereo cables 350 to the portable sound card 362 attached to a belt 370, and secures the cables to

the legs with straps 372, one for each leg segment. Finally, the subject turns on the amplifiers
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330 and the computer 364. The software may be programmed to start automatically, and the
system 300 may operate independently, powered by on-board battery packs 348, 368. However,
the subject (or a caregiver/experimenter) may change the parameters that regulate the feedback
at any time, by logging into computer 364, via a wired or wireless connection through an
external computer or a smartphone.

[0048] Feedback output from the vibrotactile transducers 324-328 and speaker 336 is
concurrently modulated by signals from the pressure sensors 314-317 and by the motion of the
foot, as estimated by the on-board inertial sensors 340 and/or other sensors 342. This allows, for
example, the system 300 to generate different sounds/vibrations via the vibrotactile transducers
324-328 and speaker 336 as the subject’s gait pattern changes, or as the intensity of the impact
with the ground varies. Additionally, IMU sensor(s) 340 allow estimation of the orientation and
of the position of the foot in real time, which may be utilized for on-line and off-line gait
analysis. Thus, embodiments of the disclosed subject matter are capable of providing
multimodal feedback autonomously, i.e., without being tethered to an external host computer.
All the logic and the power required for synthesizing continuous audio-tactile feedback in real-
time are carried by the subject along with the power required to activate the vibrotactile
actuators.

[0049] Referring to FIGS. 3A-3B, each footwear module 302 may include at least four
regions 304-307 with at least one sensing component and at least one feedback component
therein. For example, a first region 304 under the hallux distal phalanx of the foot includes a
first piezo-resistive sensor 314 and a first vibro-transducer 324, a second region 305 under the
first metatarsal head of the foot includes a second piezo-resistive sensor 315 and a second vibro-
transducer 325, a third region 306 extending under the mid lateral arch and the fourth metatarsal
head of the foot includes a third piezo-resistive sensor 316 and a third vibro-transducer 326, and
a fourth region 307 under the calcaneous includes a fourth piezo-resistive sensor 317, a fourth
vibro-transducer 327, and a fifth vibro-transducer 328. The five vibrotactile transducers 324-
328 may be embedded in the sole of the footwear unit 302. The location of the transducers 324-
328 may be optimized to match the sole areas where the density of mechanoreceptors is higher.

[0050] As discussed above, the gait training and analysis system 300 may utilize a hybrid
wireless-wired architecture. Sensor data is sent wirelessly to the processing module 360, e.g.,
via wireless connection 352, whereas the feedback outputs are sent from the processing module
360 to each footwear module 302a, 302b through wired connections 350 that run along each leg.
The wireless connection on the sensor side can allow the system to be modular, such that
additional sensors modules (e.g., additional IMUSs for the upper and lower extremities) may be

casily added to the system without modifying the software/hardware architecture. In addition,
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the use of a wired connection at the actuators side can reduce latency in generating the desired
feedback.

[0051] Advantages for a subject using system 300 include, but are not limited to, regulation
of the gait cycle, improvement in balance, and reduction of the risk of falls for subjects who
have reduced functionality in their lower extremities, such as elderly people and subjects
affected by Parkinson’s disease. The cyclical coordination of joint angles, which controls the
gait patterns, reflect function of subcortical circuits known as locomotor central pattern
generators, which are intrinsically and biologically rhythmical. External rhythms help entrain
these internal motor rhythms via close neural connections between auditory and motor areas,
producing enhanced time stability, which favors spatial control of movements. Underfoot
subsensory stimuli via the vibrotactile transducers 324-328 may improve somatosensory
function and may produce immediate reduction of postural sway. By carrying onboard all the
logic and power required for synthesizing continuous audio-tactile feedback in real-time,
embodiments of the disclosed system may allow subjects to exercise on their own, ¢.g., at home.

[0052] The auditory and plantar vibrotactile feedback, which is rendered by a footsteps
synthesis engine, may simulate foot interactions with different types of surface materials. This
engine was extensively validated by means of several interactive audio-tactile experiments and
is based on a number of physical models that simulate impacts, friction, crumpling events, and
particle interactions. All physical models may be controlled by an exciter signal simulating the
impact force of the foot onto the floor, which is normalized in the range [0, 1] and sampled at
44100 Hz. Real-time control of the engine may be achieved by generating the exciter signal of
cach foot based on the data of the inertial sensor 340 and of the two piezo-resistive sensors
placed underneath the calcaneous 317 and the head of 1% metatarsal 315. Based on the
estimated orientation of the foot, the gravity component of the acceleration is subtracted from
the raw acceleration. The resulting “dynamic” acceleration and the pressure values are
normalized to the ranges [—1, 1] and [0, 1], respectively. Thus, the feedback intensity may be
based on the ground reaction forces at initial contact obtained from inertial sensors mounted at
the back of (or elsewhere on) the footwear units.

[0053] The exciter corresponding to a single step is modulated by the contribution of both
the heel and the forefoot strikes. The two contributions consist of ad-hoc-built signals that differ
in amplitude, attack, and duration. This allows simulation of the most general case of a step,
where the impact force is larger at the heel strike than at forefoot strike. These signals are
triggered at the rise of the two pressure signals during a footfall as illustrated in FIG. 4, when the
first derivative of each normalized pressure value becomes larger than a predefined threshold.

In addition, in order to render the intensity with which the foot hits the floor, the amplitudes of
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the exciter signals are modulated by the peak value of the 1-norm of the acceleration vector
measured between two subsequent activations of the calcaneous pressure sensor as illustrated in
FIG. 4. The same signal may be used for both the auditory and tactile feedback in order to
mimic the real-life scenario, where the same source of vibration produces acoustic and tactile
cues.

[0054] An experimental gait training and analysis system was tested to determine whether
the rendering of different ground surface compliance through audio-tactile underfoot feedback
may alter the natural gait pattern of a subject. A 6-cm long and 2.3-m wide rectangular circuit
was traced on a floor. Subjects wearing the system were asked to walk approximately along the
track in a counter-clockwise direction. Reflective markers were placed on the subject’s feet and
shanks to measure ankle plantar/dorsi-flexion angle and the kinematics of the feet. A rail-
mounted motion capture system with eight cameras was used to track the markers at a sample
rate of 100 Hz. The protocol included three 3-minute long sessions, as illustrated in FIG. 5,
where t| represents a time period of 180-seconds, t; represents a time period of 90-seconds, and
W -Wj represents analyzed time windows. The first session (BSL) was a baseline session
during which feedback was disabled. During a second session (Hard Wood), the feedback
engine simulated walking on a hard surface. During a third session (Deep Snow), the feedback
engine simulated walking on an aggregate material. After the second and third sessions, a 90-
second session with no feedback was included to analyze potential after effects (AE) of the
previous audio-tactile feedback.

[0055] Stride time (Tstr), normalized swing period (SWP) and normal ground reaction
force (NGRF) at initial contact (IC) were estimated from the readings of the piezo-resistive
sensors of the footwear units. Stride time is defined as the time elapsed between two
subsequent peaks of the heel signal. Normalized swing period is defined as the peak value of
the heel signal over the gait cycle. Step length (STPL) was compute as the projection of the
horizontal displacement of a heel marker onto the plane of progression between initial contact of
one leg and the subsequent initial contact of the contralateral leg.

[0056] In Deep Snow mode (i.c., aggregate material, soft simulated compliance), the audio-
tactile feedback significantly decreased cadence with respect to the baseline gait, resulting in
increased Tstr, as illustrated in FIG. 6. The magnitude of the normal ground reaction forces at
initial contact, as estimated by NGRF, also increased as compared to baseline values, as
illustrated in FIG. 7, while step length decreased significantly, as illustrated in FIG. 8. These
changes were consistent across the three subjects tested, although two subjects also showed a
significant reduction of normalized swing period, as shown in FIG. 9.

[0057] Results were more mixed for the simulated hard surface (Hard Wood). While Tstr
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significantly increased in all subjects, step length showed decreasing trends, but changes were
significant only for subject 3 while the changes for the others were close to significance.
Additionally, this mode significantly altered NGRF in all three subjects. While subjects 2 and 3
reduced impact force, an opposite effect was found in subject 1.

[0058] Step height and range of motion of ankle plantar-dorsi flexion were also
investigated. Even though both variables showed a decreasing trend from Baseline to Hard
Wood and from the latter to Deep Snow, none of these differences reached significance.
Significant differences between the two feedback modalities were detected in NGRF. Both
subjects 2 and 3 showed smaller impact forces when the rendering of the hard surface was active
compared to when the rendering of the aggregate material was active.

[0059] Overall, these results suggest that ecological underfoot audio-tactile feedback may
significantly alter the natural gait cycle of subjects. Between the two tested feedback modes, the
feedback corresponding to aggregate material was more effective in impacting the subject’s gait,
especially with respect to variables STPL and SWP. In addition, the concurrent auditory and
vibrotactile feedback may be more effective than auditory feedback alone in impacting the
subject’s gait. Results on impact forces at initial contact suggest that opposite effects may be
evoked on the subject’s gait when switching from the rendering of a hard surface to the
rendering of a compliant one. Thus, a decrease in the peak ground reaction at initial contact may
be induced by a simulated hard walking surface, and a corresponding increase may be induced
by a simulated soft walking surface.

[0060] Referring to FIGS. 10A-10D, a system 400 for gait training and analysis is shown.
Similar to the system 300 illustrated in FIGS. 3A-3D, the system 400 may include two footwear
units 402a, 402b and a processing module 460 attached to the belt 370 of the subject. Each
footwear unit 402a, 402b measures pressure under the foot and kinematic data of the foot. The
data is sent wirelessly (e.g., via wireless connections 452) to a portable single-board computer
464 attached to the belt 370, where the audio-tactile feedback is generated in real-time and
converted to analog signals by a sound card 462. Each footwear module 402a, 402b may also
include a driver box secured to the lateral posterior side of each module. The driver box can
contain three, 2-channel audio amplifier boards 330 to power the transducers 324-328.

[0061] Audio cables 350 (e.g., stereo audio cables similar to those used in headphones)
carry the analog signals from the processing module 460 to each footwear unit 402a, 402b,
where they are amplified (e.g., by one or more amplifiers 330) and fed to vibrotactile
transducers 324-328 embedded in the sole. Audio feedback may be provided via headphones
(not shown). When headphones are not used, a miniature loudspeaker 336 optionally attaches to

an anterior strap of the footwear unit 402a, 402b and may be directly powered by the driver box.
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[0062] Piezo-resistive force sensors 314-317 are attached to or embedded in the sole of
cach footwear unit 402a, 402b. The signals are digitized and sent to processing module 464 via
a microcontroller 444 (e.g., 32-bit ARM Cortex-M4 processor), which can be supported in a
heel-mounted box, along with a 3-axis accelerometer 448 and a Wi-Fi antenna (to provide
wireless transmission 452). A multi-degree-of-freedom (DOF) inertial measurement unit 440
(IMU), for example, a 9-DOF IMU, may be mounted in the sole along the midline of the foot,
below the tarsometatarsal articulations. A second inertial unit 442 may be secured to the
subject’s proximal shank, for example, with leg strap 372, as illustrated in FIG. 10B. A base
sensor 446, such as an ultrasonic sensor, may be mounted on the medial-posterior side of the
sole to estimate the base of walking, as illustrated in FIG. 10D.

[0063] The single-board computer 464 that attaches to the subject’s belt 370 may be
powered by a battery 468 (e.g., a lithium ion polymer (LiPo) battery) that fits on the top of the
computer’s enclosure. The battery 468 may power both the processing unit 460 and the
footwear units 402a, 402b, or each footwear module may be provided with their own
independent battery 348. A real-time dataflow programming environment running in the
computer 464 manages the audio-tactile footstep synthesis engine and also performs data-
logging (e.g., at 500 Hz) of pressure data and kinematic data on a memory device, for example,
a microSD card. Modification of the feedback parameters may be accomplished by sending
string commands to the computer 464 wirelessly or via an optional wired input. The multi-
channel sound card 462 of the processing module 460 may attach to the belt 370 together with
the computer 464, as illustrated in FIG. 10B.

[0064] The gait analysis and training system 400 illustrated in FIGS. 10A-10D is capable of
estimating temporal and spatial gait parameters. The use of force resistive sensors (FRS), such
as piezo-resistive sensors, can accurately estimate temporal gait parameters. The accuracy and
precision of spatial parameters can thus be separately assessed. These spatial parameters include
ankle plantar-dorsiflexion angle (including ankle range of motion, or range of motion (ROM),
and ankle symmetry), foot trajectory (including stride length and foot-ground clearance) and
step width.

[0065] Each of the inertial measurement units (e.g., foot IMU 440 and shank IMU 442)
provides orientation estimation relative to a reference (tare) frame based on an on-board
extended Kalman filter (EKF) algorithm that weights the contributions of the accelerometer
(e.g., accelerometer 448) and magnetometer (e.g., base sensor 446) based on the current
dynamics experienced by the inertial measurement units within a subject-selectable range of

feasible weights. The foot IMU 440 may be embedded in the footwear unit sole, with the local

axis Zr orthogonal to the sole and pointing downward and the local axis *F aligned with the
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longitudinal axis of the footwear unit. Referring to FIGS. 15 and 16, which relate to data

capture, reduction, and calibration for subject-specific and generic training, respectively, at
startup, a subject stands stationary for a predefined interval such as 5-seconds S2 and the
reference orientations for the foot and shank IMUSs are established and stored S4 in a memory
or nonvolatile store (further detailed below). The mean acceleration values measured in the

startup interval define the direction of the gravity vector g relative to the local IMU frames of
foot and shank. Corresponding numerical compensation data may be stored at S6. The reference

frame of the foot {FO} is defined as:

Xpo—(XFo"ZF0)ZF0
Zpg = Xpp = — — =Zpo X X 1
Fo =8 XFo = g Grozrozroll © YO T 2RO % XFO, M

where Xy, is the local axis X; at 1 =0. The shank IMU is attached to the subject’s proximal
shank, for example, with a Velcro wrap. The local axis X is assumed to be aligned with the
longitudinal axis of the tibia, pointing upward, and the local axis z is directed posteriorly.

Similarly to the foot, the reference frame of the shank {S0} is defined as:

Z50—(Zs0°X50)Xs0
Xqg = — Zog = ———— =Zg¢y X X 2
S0 8 Zgo 250~ (Zs0 Xs0)Xsoll” ¥so S0 S0» (2)

with z, being the local axis Z at = 0. Assuming neutral subtalar position and neutral knee

alignment during the taring process, the mapping between {FO} and {SO} is given by the

following anti-diagonal matrix:

0 0 -1
2R=|0 -1 0 (3)
-1 0 0

[0066] For 7> 0, the orientation estimations of foot and shank relative to their respective
reference frames are returned in terms of yaw-pitch-roll Euler angles. The subject may begin
walking activity at S10. The foot and shank orientations may be computer at S12. Together
with (3), these data are sufficient to derive the three ankle angles: abduction/adduction,
inversion/eversion and plantar/dorsiflexion which may be generated in real time by the on-board

processor 460 at S14. The ankle plantar/dorsiflexion angle y,, may be useful for gait
propulsion and support against gravity, where y,, is defined as the relative pitch angle between
foot and shank, offset by 7/2 . As shown by (3), the axes y, and y, are antiparallel, yielding

Yep = O + 65, 4
where 6, and 0O, are the pitch angles of the foot and shank, respectively. For each leg, the ankle

angle (4) is segmented into gait cycles (GC) using the readings of the heel pressure sensors (e.g.,
sensor 317) as detectors of initial contact (IC). At S16, ankle trajectory is generated. For the i -

th stride of each leg, the ankle angle is then time-normalized over the GC and downsampled into
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N equally spaced points to yield the ankle trajectory 75y . At S18 ankle range of motion and
symmetry are generated. The ankle range of motion ROM. is defined as the difference between
the absolute maximum and minimum of 7, . A gait symmetry metric SYM, is derived as the

RMS deviation between the normalized ankle trajectories of the right and left legs,

corresponding to two consecutive strides:

N (v R )2
SYM, = \/lel(yPD_LEFTl,;V YPD_RIGHT i ) , )

with N being the number of samples in jp, .

[0067] The foot IMU returns the components of the acceleration vector a (compensated by
the gravity component) in the reference frame {FO} A threshold-based algorithm detects the FF
period as the fraction of the stance phase wherein the Euclidean norm of a is smaller than a
predefined threshold. First, the foot velocity in the i -th stride v, is obtained by integration of a,

with the medians of the 7 -th and (z' + 1) -th FF periods defining the i -th interval of integration:
FF;+/-1
v, =Vq+— > a, je[l,FE, ~FF+1] (6)
where v, ; is the linear velocity of the foot in the j-th sample of the 7 -th stride, and [FE, FFM]

1s the interval of integration for the 7 -th stride. The constant of integration v, is set to zero

(ZUPT technique) and the raw velocity estimate (6) is corrected to compensate for velocity drift

(assumed linear):

_ j-1
Vi TVii TFR R MR T (7)

i+l

The foot displacement d; is computed by integration of Vv, :

j
d;= fiZV jell,FE, —FFE +1] (8)
s k=1

where d;; is the displacement of the foot in the ; -th sample of the i -th stride. d; is known in
{FO}, however, for the purposes of gait analysis, the reference frame {Di} aligned with the
direction of progression is more desirable:

d. —d.
o LFE L TRl b1 _ Iy _(ZFO " Xpi )XDi
Xp; = > Zy, =~ ( )
” Zpy =\ Zy - Xy Xy

2

i
d. —d.
H 1,FFi+1—FFi+1 i1

Yoi T Zp X Xy )

d, - the sagittal-plane, normalized foot trajectory for the 7 -th stride - is obtained by projecting

15



10

15

20

25

30

WO 2015/164456 PCT/US2015/027007

d; onto the x,z,. plane, time-normalizing over the interval [1 ,FE,, —{F, + 1] , and

downsampling into N equally-spaced points. Finally, stride length SL. and foot ground

clearance SH, are defined as

SL, =

ai,N (x)_ai,l(xj’ SH, = max (ai,j(z))’ (10)

with HLJ. (x) and Hi,j (Z) being the projections of HLJ. onto X, and zp, , respectively.

[0068] Step width may be esimated as the foot separation at mid-swing. During overground
walking in a straight-line, the ultrasonic sensor mounted on the medial posterior site of the left
sole returns a minimal distance when the forward swinging left foot passes the stance foot. The
step width of the 7 -th stride SW, is therefore estimated by the absolute minimum of the

ultrasonic sensor readings during the swing phase of the 7 -th left stride.

[0069] The raw metrics described above may be affected by systematic and random errors.
Not only may these errors be quantified experimentally by comparison with the data collected
by a laboratory-grade motion capture system, but the same data may also be used to calibrate the
less accurate wearable gate analysis system, largely compensating for the systematic errors and
thereby improving the level of agreement between the two gait analysis systems. To this end,
data were collected from fourteen healthy adult individuals with no gait abnormalities (10 males,
4 females, age 26.6 T 4.2 years, height 1.70£0.10 m, weight 64.9£9.5 kg, US shoe size 8.0 %
2.5).

[0070] Reflective markers were placed on both legs, either on anatomical landmarks at 502
(medial and lateral malleoli and femoral condyles, distal and proximal tibia) or on the footwear
units at 504, 506 (close to the hallux, the calcaneus, and the heads of the 1st, 2nd and 5th
metatarsal), as illustrated in FIG. 11. Prior to the test, subjects stood stationary for 5 seconds, at
which time the on-board inertial sensors (e.g., IMU 440 and IMU 442) were zeroed at this time.
Subjects completed 30 laps at a self-selected, comfortable pace. During each lap, subjects
walked along a 14 m long, straight-line path marked on the floor, made a clockwise turn, and
went back to the starting point. Each session lasted approximately 15 minutes. Subjects’
movements were simultancously recorded by the wearable gait analysis system 400 and a
separate camera-based motion capture system with 10 cameras. Sampling rates were set as
500Hz for the gait analysis system 400 and as 100Hz for the camera-based system. An infrared
LED controlled by gait analysis system 400 was used to sync the two systems. A 5-m section in
the middle of the first leg of each lap was regarded as representative of steady state walking, and
the corresponding strides were included in the analysis described below.

[0071] Gait parameters estimated by gait analysis system 400 may be divided into scalar
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parameters (i.e., N =1 sample per stride) and vector parameters (i.e., N =101 samples per
stride, uniformly distributed in the interval 0-100 % GC). Stride length (SL), foot ground
clearance (SH), base of walking (SW), ankle symmetry (SYM) and ankle range of motion
(ROM) belong to the first group. Vector parameters include ankle angle (¥, ) and foot
trajectory (ﬁ = [H(x) H(z)]). The calibration approach described below applies to both groups.
The raw metrics from the gait analysis system 400 and the data from the camera-based system
were processed using custom MATLAB code. The training datasets p,, and p. (where the
superscripts V' and S indicate the reference system and system 400, respectively) were
obtained for each subject and each parameter by selecting every other stride from the full set of

data, while the remaining data formed the festing datasets p, and p. . Prior to the actual

calibration, an optimization script was implemented to determine the order and the cutoff

frequency of the low-pass Butterworth filter (8 Hz, 4th order) applied to the norm of the foot

acceleration ||a , and the optimal threshold used to estimate FF periods from the measured

acceleration. This optimization was based exclusively on training data. Then, two alternative
calibration approaches were implemented as described in the following.

[0072] Subject-specific calibration includes the training dataset of a specific participant S40
and outputs a set of calibration coefficients S42 that are tailored to that subject. Data samples
from IMUs S11, accelerometer S15, ultrasound/sonar S17, and force resistive sensors S10 may
be stored S24 and employed to create subject-specific calibrated models or generic models as
described. In practice, this approach may be applied if a camera-based motion capture system is
available to the experimenter, and calibration data may be easily collected from the subject prior

to the use of gait analysis system 400. For each parameter p, N linear regression models were

generated in the form of:

Po (D~ Dy (), jelL,N], (11)
where p.(j) is the j-th sample of p measured by the gait analysis system 400 or by the
camera-based reference system. These models yielded S, ; and B, ;, the optimal coefficients (in

the least square sense) which minimize the sum of the squared residuals. The estimate of p at

the 7 -th stride was computed as:

ﬁf(j):ﬁo,j""ﬁl,j pti,i(j)a Jell,N], (12)
and the associated error was calculated as:
e.()=p; ()—pes())s jelL,N] (13)

This approach was independently applied to each subject’s dataset.
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[0073] As for generic calibration (FIG. 16), for each subject, the calibration coefficients

were computed based on the training datasets of all the other subjects, and the testing data of the
excluded subject were used for validation (leave-one-out cross validation, or LOOCV). Subject
athropometric measurements are obtained for each subject and stored S30 and the characterstics
used to compile a generic model S34 adjusted by anthropometric characteristics (see below) to
process real-time data inputs during production runs. In practice, generic type of calibration is
representative of the general application of gait analysis system 400, when it is impractical or
unfeasible to perform a subject-specific calibration prior to using the system 400. In this case,
the basic lincar model was augmented with the subjects’ anthropometric characteristics listed

below:
Pr()~ pi(j) + Height +Weight + Shoe Size + Age + Gender , j €[1,N] (14)
[0074] Solving the least square problem yielded m + 2 regression coefficients ( §,... 8, ),

with m =5 being the number of anthropometric characteristics included in the model. The

estimate of p at the i -th stride was computed as:

5
ﬁzs(]) :ﬁo,j +ﬁl,j pri,i(j)"'z‘ﬂkﬂ,j X, J€[1,N], (15)
=

where x, 1s the covariate related to the & -th anthropometric characteristic. In validation

experiments, this procedure was iterated 14 times, once for each subject. In a production
system, the subjects contributing to the generic model would be a variegated population selected
to form the generic model which is iterated through S26 to generate and store S31 a basis model

for future subjects in production uses of the model by subjects not used in the calibration.

Table 1: Calibration results (mean RMSE + SD)

Ankle Angle [deg] YPD 2.70+£0.39 433+£1.01

[0075] Note that other anthropometric characteristics may be used to augment the model
such as hip circumference, waist circumference, whether and to what degree the subject has
arthritis in the hip or knee joints, and estimate of the symmetry of the arthritis. These
characteristics can be defined as broad classes and may rely on variable judgment of the
estimator, and they need not be precisely discriminated in order to enhance the model’s accuracy

in the estimation of gait kinematics.
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[0076] A total of 1888 strides was acquired by gait analysis system 400 and by the camera-

based reference system (i.e., 4-5 gait cycles for each of the 30 laps, for each subject). Results are
reported in Table 1 in terms of (mean RMSE *+ SD) for both calibration strategies. FIG. 12
shows the correlation plots between the gait analsysis system 400 and the camera-based
reference system (FIG. 12(a)-(f)), the frequency distribution of the measurement error (FIG.
12(g)-(1)) and the Bland-Altman plots (FIG. 12(m)-(r)) for a subset of the scalar parameters.
FIG. 12(s)-(t) shows the ankle dorsiflexion angle averaged across all subjects, and FIG. 12(u)-
(v) illustrate the average foot trajectory for a representative subject. Shaded areas indicate +/- 1
SD. The performances of wearable devices may be reported in terms of accuracy and precision
(mean error £ SD) rather than in terms of RMSE. This alternative convention is directly related
to the diagrams shown in FIG. 12(g)-(1). Under this convention, the results reported in Table 1
translate as: 0.27 = 2.40 cm for SL, -0.01 £ 0.39 cm for SH, -0.01 £ 0.84 cm for SW in the
case of the subject-specific calibration. The corresponding values for the generic calibration are:
0.01 £ 328 cm for SL, 0.06 £ 0.79 cm for SH, and -0.30 £ 1.65 cm for SW.

[0077] According to embodiments of the disclosed subject matter, the gait analysis system
may measure two types of gait parameters: spatial parameters, which include stride length, foot-
ground clearance, base of walking, foot trajectory, and ankle plantar-dorsiflexion angle; and
temporal parameters, which include cadence, single/double support, symmetry ratios, and
walking speed. Wireless communication and data logging are performed at 500 Hz, a sampling
rate that helps to reduce latency in the sound feedback.

[0078] Precise alignment of IMUs and anatomical segments usually requires preliminary
calibration steps, which may be accomplished either with custom-made jigs or with a camera
based motion capture system, by rigidly attaching a cluster of reflective markers to the mounting
plate of each inertial sensor. These steps should be completed prior to each experimental
session to guarantee the level of accuracy reported. Such methods reduce the portability of the
wearable system. However, in the calibration method presented here, markers may be placed
exclusively on anatomical landmarks, thus making the reported results independent of precise
alignment of the IMUs to the human limbs.

[0079] Instead of relying on professional-grade inertial sensors to improve the system’s
performance, embodiments of the disclosed gait analysis system may achieve the same target
using mid-grade, cost-effective IMUs, by adopting linear calibration techniques. After deriving
linear models based on raw datasets and corresponding reference datasets (as discussed in
above), linear corrections were successfully used to reduce systematic errors. Even though
calculation of the linear models is carried out off-line, applying the models requires minimal

computational cost, and is therefore suitable for real-time applications using micro-controllers.
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[0080] The estimates of stride length, foot ground clearance and base of walking
demonstrate a good level of agreement, as indicated by the Bland-Altman plots (FIG. 12(m)-(r)).
For the stride length, better results were obtained in terms of accuracy and precision compared
to similar shoe-based systems. The RMSE on the estimation of the foot trajectory obtained with
the gait analysis system are deemed acceptable, being smaller than 2.5% SL and 3.5 % SL for
the subject-specific calibration and the generic calibration, respectively. The capability of
measuring the base of walking and spatiotemporal gait symmetry are additional novel aspects.

[0081] Referring to FIG. 13A, in one or more embodiments of the disclosed subject matter,
a gait analysis system may have a pair of footwear modules 502a, 502b with sensing and
feedback components worn by a subject and a belt-mounted processing module 560 that
processes sensor signals and generates feedback signals. As noted above, sensor signals may be
conveyed wirelessly from the footwear units 502a, 502b to the belt-mounted processing module
560, while audio cables 550 convey the feedback signals from the processing module 560 to the
footwear units 502a, 502b. In an alternative configuration illustrated in FIG. 13B, the
processing module 562 may be worn by the subject as a backpack rather than a belt-mounted
unit.

[0082] Although a hybrid wired-wireless connection is discussed above for communication
between the footwear units and the processing modules, it is also possible to have a completely
wireless (or a completely wired) connection between the footwear unit and processing modules,
according to one or more contemplated embodiments. In one or more contemplated
embodiments, the processing module may be configured as a handheld device (e.g., a
Smartphone 564) or a wearable component (e.g., wristwatch 566) that receives sensor signals
from and communicates feedback signals to the footwear units 502a, 502b via a wireless
connection (e.g., Bluetooth), as illustrated in FIGS. 14A-14B.

[0083] In one or more first embodiments, a gait training and analysis system may be worn
by a subject and may comprise a pair of footwear modules, a processing module, and audio
cables. Each footwear module may be constructed to be worn on a foot of the subject and may
comprise a sole portion, a heel portion, a speaker, and a wireless communication module. The
sole portion may have a plurality of piezo-resistive pressure sensors and a plurality of
vibrotactile transducers. Each piezo-resistive sensor may be configured to generate a sensor
signal responsively to pressure applied to the sole portion. Each vibrotactile transducer may be
configured to generate vibration responsively to one or more feedback signals. The heel portion
may have a multi-degree of freedom inertial sensor. The speaker may be configured to generate
audible sound in response to the one or more feedback signals. The wireless communication

module may be configured to wirelessly transmit each sensor signal. The processing module
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constructed to be worn as a belt by the subject. The processing module may be configured to
process each sensor signal received from the wireless communication module and to generate
the one or more feedback signals responsively thereto. The audio cables may connect each
footwear module to the processing module and may be configured to convey the one or more
feedback signals from the processing module to the vibrotactile transducers and speakers of the
footwear unit.

[0084] In the first embodiments, or any other embodiment, for each footwear module, a
respective one of the piezo-resistive sensors is located underneath the calcaneous, the head of
the 4™ metatarsal, the head of the 1% metatarsal, and the distal phalanx of the hallux of each foot.

[0085] In the first embodiments, or any other embodiment, for each footwear module, a
first one of the vibrotacticle transducers is located underneath an anterior aspect of the
calcancous, a second one of the vibrotacticle transducers is located underneath a posterior aspect
of the calcaneous, a third one of the vibrotacticle transducers is located underneath the middle of
the lateral arch, a fourth one of the vibrotacticle transducers is located underneath the head of the
1*" metatarsal, and a fifth one of the vibrotacticle transducers is located underneath the distal
phalanx of the hallux of each foot.

[0086] In the first embodiments, or any other embodiment, for each footwear module, a
first of the feedback signals drives the first and second vibrotactile transducers, a second of the
feedback signals drives the third the vibrotactile transducers, a third of the feedback signals
drives the fourth and fifth vibrotactile transducers, and a fourth of the feedback signals drives
the speaker.

[0087] In the first embodiments, or any other embodiment, the inertial sensor is a nine-
degree of freedom inertial sensor.

[0088] In the first embodiments, or any other embodiment, for each footwear module, the
inertial sensor is located along the midline of the foot below the tarsometatarsal articulations.

[0089] In the first embodiments, or any other embodiment, the processing module is
configured to determine one or more gait parameters responsively to the sensor signals. The gait
parameters comprise stride length, foot-ground clearance, base of walking, foot trajectory, ankle
plantar-dorsiflexion angle, cadence, single/double support, symmetry ratios, and walking speed.

[0090] In the first embodiments, or any other embodiment, the processing module
comprises on-board memory for storing the determined gait parameters.

[0091] In the first embodiments, or any other embodiment, the processing module includes
a single-board computer and a sound card.

[0092] In the first embodiments, or any other embodiment, the system further comprises

ultrasonic sensors. Each ultrasonic sensor may be coupled to the sole portion of a respective one
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of the footwear units. Each ultrasonic sensor may be configured to detect a base which the sole
of the respective footwear module contacts during walking.

[0093] In the first embodiments, or any other embodiment, the system further comprises a
second inertial sensor coupled to a proximal shank of the subject.

[0094] In the first embodiments, or any other embodiment, the system further comprises
accelerometers. Each accelerometer may be coupled to the heel portion of a respective one of
the footwear units.

[0095] In the first embodiments, or any other embodiment, the processing module is
configured to sample data at a rate of at least 500 Hz.

[0096] In the first embodiments, or any other embodiment, each footwear module
comprises a power source and the processing module comprises a separate power source.

[0097] In the first embodiments, or any other embodiment, each power source is a lithium
ion polymer battery.

[0098] In the first embodiments, or any other embodiment, the processing module is
configured to change the one or more feedback signals responsively to gait pattern changes or
intensity of impact so as to produce different sounds or vibrations from each footwear module.

[0099] In one or more second embodiments, a system for synthesizing continuous audio-
tactile feedback in real-time may comprise one or more sensors and a computer processor. The
one or more sensors are configured to be attached to footwear of a subject to measure pressure
under the foot and/or kinematic data of the foot. The computer processor is configured to be
attached to the subject to receive data from the one or more sensors and to generate audio-tactile
signals based on the received sensor data. The generated audio-tactile signal is transmitted to
one or more vibrotactile transducers and loudspeakers included in the footwear unit.

[0100] In the second embodiments, or any other embodiment, the computer processor is
configured to be attached to a belt of the subject.

[0101] In the second embodiments, or any other embodiment, the one or more sensors
include piezo-resistive force sensors.

[0102] In the second embodiments, or any other embodiment, the computer processor is a
single-board computer processor.

[0103] In one or more third embodiments, a method for real-time synthesis of continuous
audio-tactile feedback comprises measuring pressure and/or kinematic data of a foot of a
subject, and sending the pressure and/or kinematic data to a computer processor attached to a
body part of the subject to generate audio-tactile feedback signal based on the measured pressure
and/or kinematic data. The method may further comprise sending the audio-tactile feedback

signal to vibrotactile sensors attached to the foot of the subject.
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[0104] In the third embodiments, or any other embodiment, the sending the pressure and/or
kinematic data is performed wirelessly.

[0105] In the third embodiments, or any other embodiment, the sending the audio-tactile
feedback signal is via audio cables.

[0106] In one or more fourth embodiments, a system comprises one or more footwear
modules and a wearable processing module. Each footwear module comprises one or more
pressure sensors, one or more inertial sensors, and feedback module. The feedback module is
configured to provide a wearer of the footwear unit with at least one of auditory and tactile
feedback. The wearable processing module is configured to receive signals from the pressure
and inertial sensors and to provide one or more command signals to the feedback module to
generate the at least one of auditory and tactile feedback responsively to the received sensor
signals.

[0107] In the fourth embodiments, or any other embodiment, the one or more pressure
sensors is at least four pressure sensors.

[0108] In the fourth embodiments, or any other embodiment, a first of the pressure sensors
is located underneath the calcancous, a second of the pressure sensors is located underneath the
head of the 4th metatarsal, a third of the pressure sensors is located underneath the head of the
Ist metatarsal, and a fourth of the pressure sensors is located underneath the distal phalanx of the
hallux of a foot of the wearer.

[0109] In the fourth embodiments, or any other embodiment, the one or more pressure
SeNsors comprise one or more piczo-resistive force sensors.

[0110] In the fourth embodiments, or any other embodiment, the one or more inertial
sensors is a nine-degree of freedom inertial measurement unit.

[0111] In the fourth embodiments, or any other embodiment, one of the inertial sensors is
located at a midline of a foot of the wearer below the tarsometatarsal articulations.

[0112] In the fourth embodiments, or any other embodiment, the system further comprises a
second inertial sensor mounted on the wearer remote from the one or more footwear modules.

[0113] In the fourth embodiments, or any other embodiment, the second inertial sensor is
coupled to a proximal shank of the wearer.

[0114] In the fourth embodiments, or any other embodiment, the one or more footwear
modules comprise a base sensor configured to detect a surface on which a bottom of the
footwear unit contacts during walking.

[0115] In the fourth embodiments, or any other embodiment, the base sensor is an
ultrasonic sensor.

[0116] In the fourth embodiments, or any other embodiment, the one or more footwear
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modules include an accelerometer.

[0117] In the fourth embodiments, or any other embodiment, the accelerometer is disposed
proximal to the heel of the one of more footwear modules.

[0118] In the fourth embodiments, or any other embodiment, the one or more footwear
modules comprises a plurality of vibration transducers.

[0119] In the fourth embodiments, or any other embodiment, a first one of the vibration
transducers is located underneath an anterior aspect of the calcaneous, a second one of the
vibration transducers is located underneath a posterior aspect of the calcancous, a third one of
the vibration transducers is located underneath the middle of the lateral arch, a fourth one of the
vibration transducers is located underncath the head of the 1st metatarsal, and a fifth one of the
vibration transducers is located underneath the distal phalanx of the hallux of each foot.

[0120] In the fourth embodiments, or any other embodiment, the feedback module
comprises a speaker.

[0121] In the fourth embodiments, or any other embodiment, a first of the command signals
drives the first and second vibration transducer, a second of the command signals drives the
third vibration transducer, a third of the command signals drives the fourth and fifth transducers,
and a fourth of the command signals drives the speaker.

[0122] In the fourth embodiments, or any other embodiment, the plurality of vibration
transducers is at least five transducers for each footwear module.

[0123] In the fourth embodiments, or any other embodiment, the vibration transducers are
arranged anteriorly, posteriorly, and under the lateral arch of a foot of the wearer.

[0124] In the fourth embodiments, or any other embodiment, the anteriorly arranged
vibration transducers are driven by a first of the command signals, the posteriorly arranged
vibration transducers are driven by a second of the command signals, and the vibration
transducers under the lateral arch are driven by a third of the command signals.

[0125] In the fourth embodiments, or any other embodiment, the feedback module
comprises a speaker.

[0126] In the fourth embodiments, or any other embodiment, the one or more footwear
modules are configured to transmit sensor signals to the wearable processing module via a
wireless connection.

[0127] In the fourth embodiments, or any other embodiment, the system further comprises
one or more audio cables coupling the wearable processing module to the one or more footwear
modules, wherein the one or more command signals are transmitted via the one or more audio
cables.

[0128] In the fourth embodiments, or any other embodiment, the wearable processing
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module is constructed to be worn as or attached to a belt or a backpack of the subject.

[0129] In the fourth embodiments, or any other embodiment, the wearable processing
module is configured to wirelessly communicate with an external network or computer.

[0130] In the fourth embodiments, or any other embodiment, the wearable processing
module is configured to determine at least one gait parameter and to generate data responsively
to the sensor signals.

[0131] In the fourth embodiments, or any other embodiment, the wearable processing
module comprises memory for storing the generated data.

[0132] In the fourth embodiments, or any other embodiment, the gait parameters include
one or more of spatial and temporal parameters.

[0133] In the fourth embodiments, or any other embodiment, the spatial parameters include
stride length, foot-ground clearance, base of walking, foot trajectory, and ankle plantar-
dorsiflexion angle.

[0134] In the fourth embodiments, or any other embodiment, the temporal parameters
include cadence, single/double support, symmetry ratios, and walking speed.

[0135] In the fourth embodiments, or any other embodiment, the wearable processing
module is configured to sample data at a rate of at least 500 Hz.

[0136] In the fourth embodiments, or any other embodiment, each of the footwear unit and
processing modules has a separate power supply.

[0137] In the fourth embodiments, or any other embodiment, each power supply is a
lithium-ion polymer battery.

[0138] In the fourth embodiments, or any other embodiment, the processing module
comprises a multi-channel sound card that generates analog command signals.

[0139] In the fourth embodiments, or any other embodiment, the one or more footwear
modules comprises a sole with the one or more pressure sensors embedded therein.

[0140] In the fourth embodiments, or any other embodiment, the one or more command
signals change responsively to gait pattern changes or intensity of impact of the one or more
footwear modules so as to produce different sounds and/or vibrations via the feedback module.

[0141] In the fourth embodiments, or any other embodiment, the feedback module is
located on a perimeter of a foot inserted into the respective footwear module.

[0142] In one or more fifth embodiments, a method for gait analysis and/or training
comprises generating auditory feedback via one or more speakers and/or tactile feedback via one
or more vibrotactile transducers of the footwear unit. The generating is responsive to signals
from pressure and inertial sensors of the footwear unit indicative of one or more gait parameters.

[0143] In the fifth embodiments, or any other embodiment, the method further comprises
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wirelessly transmitting the sensor signals from the footwear unit worn by a subject to a remote
processor worn by the subject.

[0144] In the fifth embodiments, or any other embodiment, the method further comprises
transmitting via one or more wired connections signals from the remote processor to the
footwear unit that generate the auditory and/or tactile feedback.

[0145] In the fifth embodiments, or any other embodiment, the method further comprises
determining one or more gait parameters selected from stride length, foot-ground clearance, base
of walking, foot trajectory, ankle plantar-dorsiflexion angle, cadence, single/double support,
symmetry ratios, and walking speed.

[0146] In the fifth embodiments, or any other embodiment, the method further comprises
storing the determined gait parameters as data in memory of the remote processor.

[0147] In the fifth embodiments, or any other embodiment, the method further comprises
wirelessly transmitting the stored data to a separate computer or network.

[0148] In the fifth embodiments, or any other embodiment, the method further comprises
attaching a first footwear module to a right foot of a subject and a second footwear module to a
left foot of the subject, attaching a remote processor to a belt worn by the subject, and coupling
audio cables between the remote processor and the first and second footwear modules.

[0149] In the fifth embodiments, or any other embodiment, the coupling audio cables
comprises positioning audio cables along respective legs of the subject.

[0150] In the fifth embodiments, or any other embodiment, the method further comprises
positioning an inertial measurement unit along a leg of the subject.

[0151] In the fifth embodiments, or any other embodiment, the generating is further
responsive to signals from the inertial measurement unit.

[0152] In the fifth embodiments, or any other embodiment, the generating auditory
feedback is via one or more speakers of the footwear unit and/or via headphones worn by the
subject.

[0153] According to sixth embodiments, the disclosed subject matter includes a method (or
a system adapted) for providing feedback for support of gait training. The method or system
includes or is adapted for capturing gait kinematics of a subject with a reference system.
Simultaneously with the capturing, inertial signals are sampled that indicate orientation and
displacement motion of a gait of a subject from a N-degree of freedom inertial measurement unit
(IMU) mounted in the middle of the sole of each of two sensor footwear unit worn by the
subject and an IMU worn on each shank of the subject. Also simultaneously with the capturing,
the sonar signals are also sampled, the sonar signals indicating a separation between legs using

at least one ultrasonic range sensor (SONAR) on at least one of the two footwear unit. Also
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simultaneously with the capturing, force signals are sampled from force sensors (FRS) located at
multiple points on soles of the two sensor footwear unit. Anthropometric characteristics of the
subject are stored on a computer and a model is generated to estimate gait characteristics from
the captured gait kinematics, the anthropometric characteristics of the set of subjects, and the
samples resulting from all of the sampling. The model is stored on a wearable processor worn
by the subject. Instrumented footwear units configured as the sensor footwear units worn by the
subject during the actions (a) through (¢) are attached to the subject and the wearable processor
is connected to the instrumented footwear units. Using the wearable processor, kinematics of
gait of the subject are estimated responsively to the model and sonar, inertial, and force signals
from the instrumented footwear unit worn by the subject and an IMU worn on the subject’s
shank. Feedback signals may be generated responsively to signals resulting from at least one of
the SONAR, FRS, and IMU sensors and/or the kinematics of gait and outputting the feedback
signals to a user interface worn by the subject.

[0154] Further sixth embodiment may be modified to form additional sixth embodiments in
which the user interface includes headphones and the feedback signals include audio signals
representing characteristics of a walkable surface selected and stored in the wearable processor.
Further sixth embodiment may be modified to form additional sixth embodiments in which the
user interface includes speakers in one or both of the instrumented footwear units and the
feedback signals includes audio signals representing characteristics of a walkable surface
selected and stored in the wearable processor. Further sixth embodiment may be modified to
form additional sixth embodiments in which the user interface includes one or more vibrotactile
transducers in the instrumented footwear units and the feedback signals includes haptic feedback
representing characteristics of a walkable surface selected and stored in the wearable processor.

[0155] Further sixth embodiment may be modified to form additional sixth embodiments in
which the reference system includes a video-based motion capture system. Further sixth
embodiment may be modified to form additional sixth embodiments in which the gait
kinematics includes data indicating stance width. Further sixth embodiment may be modified to
form additional sixth embodiments in which anthropometric characteristics include subject
height. Further sixth embodiment may be modified to form additional sixth embodiments in
which anthropometric characteristics include subject weight. Further sixth embodiment may be
modified to form additional sixth embodiments in which gait characteristics include stride
length. Further sixth embodiment may be modified to form additional sixth embodiments in
which the gait characteristics include foot trajectory. Further sixth embodiment may be modified
to form additional sixth embodiments in which the gait characteristics include ankle range of

motion. Further sixth embodiment may be modified to form additional sixth embodiments in
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which the gait characteristics include ankle plantar/dorsiflection range of motion and
instantaneous ankle angle relative to a reference direction. Further sixth embodiment may be
modified to form additional sixth embodiments in which feedback signals include tactile
feedback or audible sound delivered through transducers in the sensor footwear unit. Further
sixth embodiment may be modified to form additional sixth embodiments in which wearable
processor is in a wearable unit.

[0156] Further sixth embodiment may be modified to form additional sixth embodiments in
which the model is a linear model. Further sixth embodiment may be modified to form
additional sixth embodiments in which IMU has 9 degrees of freedom responsive to derivatives
of rotational and translational displacement and magnetic field orientation. Further sixth
embodiment may be modified to form additional sixth embodiments in which the estimating
includes detecting events by thresholding respective ones of the signals. Further sixth
embodiment may be modified to form additional sixth embodiments in which thresholding
includes discriminating an interval of a gait cycle during which feet of the subject are flat on the
floor. Further sixth embodiment may be modified to form additional sixth embodiments in
which the capturing gait kinematics of a subject with a reference system includes indicating
transient positions of anatomical features. Further sixth embodiment may be modified to form
additional sixth embodiments in which anatomical features are generated from markers located
directly on anatomical features of the subject. Further sixth embodiment may be modified to
form additional sixth embodiments in which capturing gait kinematics and estimating kinematics
of gait each include estimating one or more of ankle range of motion, ankle symmetry, stride
length, foot-ground clearance, base of walking, ankle trajectory, and foot trajectory.

[0157] Further sixth embodiment may be modified to form additional sixth embodiments in
which at least one of the vibrotactile transducers and/or speakers connected to the footwear unit
are integrated in the footwear unit. Further sixth embodiment may be modified to form
additional sixth embodiments in which both the vibrotactile transducers and/or speakers are
vibrotactile transducers and speakers connected to the footwear unit. Further sixth embodiment
may be modified to form additional sixth embodiments in which both the vibrotactile
transducers and/or speakers are vibrotactile transducers and speakers connected to the footwear
unit integrated in the footwear unit. Further sixth embodiment may be modified to form
additional sixth embodiments in which the vibrotactile transducers and/or speakers are
connected to a wearable sound synthesizer by a cable. Further sixth embodiment may be
modified to form additional sixth embodiments in which the anthropometric characteristics
include at least one of subject height, weight, shoe size, age, and gender. Further sixth

embodiment may be modified to form additional sixth embodiments in which anthropometric
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characteristics include subject height, weight, shoe size, age, and gender. Further sixth
embodiment may be modified to form additional sixth embodiments in which anthropometric
characteristics include at least one of subject height, weight, hip circumference, shank length,
thigh length, leg length, shoe size, age, and gender. Further sixth embodiment may be modified
to form additional sixth embodiments in which estimating kinematics of gait and generating
feedback signals are performed with a wearable system on battery power that is not tethered to a
power source or separate computer. Further sixth embodiment may be modified to form
additional sixth embodiments in which anthropometric characteristics include at least one of
subject dimensions, weight, gender, and/or pathology and estimate of a degree of the pathology.

[0158] Further sixth embodiment may be modified to form additional sixth embodiments in
which SONAR indicates the separation between the feet. Further sixth embodiment may be
modified to form additional sixth embodiments in which there are SONAR sensors on each
footwear unit and the measure of the leg separation is indicated by processing signals from the
SONAR sensors by taking the minimum physical separation between the near-most obstacle
detected by each SONAR sensor as an indication of the leg separate. Further sixth embodiment
may be modified to form additional sixth embodiments in which the kinematics of gait of the
new subject include stride length. Further sixth embodiment may be modified to form additional
sixth embodiments in which the kinematics of gait of the new subject foot trajectory. Further
sixth embodiment may be modified to form additional sixth embodiments in which the
kinematics of gait of the new subject ankle range of motion. Further sixth embodiment may be
modified to form additional sixth embodiments in which the kinematics of gait of the new
subject include ankle plantar/dorsiflection range of motion and instantancous ankle angle
relative to a reference direction. Further sixth embodiment may be modified to form additional
sixth embodiments in which the generating feedback signals includes generating sounds
responsive to a selectable command identifying a surface type and responsive to instantaneous
signals from the FRSs. Further sixth embodiment may be modified to form additional sixth
embodiments in which the footwear unit further includes a further inertial sensor. Further sixth
embodiment may be modified to form additional sixth embodiments in which the footwear unit
includes at least 3 FRS sensors. Further sixth embodiment may be modified to form additional
sixth embodiments in which the footwear unit includes at least 5 FRS sensors. Further sixth
embodiment may be modified to form additional sixth embodiments in which the footwear unit
includes multiple vibrotactile transducers located at multiple respective positions in the sole of
the footwear unit.

[0159] According to seventh embodiments, the disclosed subject matter includes a method

for providing feedback for support of gait training. Gait kinematics of a subject are captured
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with a reference system. Simultaneously with the capturing, inertial signals are sampled
indicating orientation and displacement motion of a gait of a subject from a N-degree of freedom
inertial measurement unit (IMU) mounted in the middle of the sole of each of two sensor
footwear unit worn by the subject and an IMU worn on each shank of the subject.
Simultaneously with the capturing, sonar signals are sampled which indicate a separation
between legs using at least one ultrasonic range sensor (SONAR) on at least one of the two
footwear unit. Simultaneously with the capturing, force signals are sample from force sensors
(FRS) located at multiple points on soles of the two sensor footwear unit. Anthropometric
characteristics of the subject are stored on a computer after measuring them. These steps are
repeated for each member of a set of subjects with varied anthropometric characteristics and a
model is generated to estimate gait characteristics from the captured gait kinematics, the
measured anthropometric characteristics of the set of subjects, and the samples resulting from all
of the sampling obtained for all the subjects in the set whereby the model predicts parameters
representing gait characteristics responsively to both samples from sensor signals and the
anthropometric characteristics of a new subject. The new subject’s anthropometric
characteristics are measured, where the new subject is outside the set used to generate the model.
The new subject is fitted with instrumented footwear units configured as the sensor footwear
unit and worn by the subjects in the set. Using a wearable processor connected to the
instrumented footwear units, the kinematics of gait of the new subject are estimated responsively
to the model and anthropometric characteristics of the new subject, and sonar, inertial, and force
signals from instrumented footwear units worn by the new subject and an IMU worn on the new
subject’s shank. This may be done by a wearable computer or on a separate host processor or
server. Feedback signals may be generated of the responsively to signals resulting from at least
one of the SONAR, FRS, and IMU sensors and/or the kinematics of gait or the signals may be
stored or transmitted to a separate server or host for processing. Both of these can also be done
in further embodiments.

[0160] Further seventh embodiment may be modified to form additional seventh
embodiments in which the one or storing and generating feedback signals responsively to signals
resulting from at least one of the SONAR, FRS, and IMU sensors and/or the kinematics of gait
includes generating feedback signals responsively to signals resulting from at least one of the
SONAR, FRS, and IMU sensors and/or the kinematics of gait and the user interface includes
headphones and the feedback signals include audio signals representing characteristics of a
walkable surface selected and stored in the wearable processor. Further seventh embodiment
may be modified to form additional seventh embodiments in which the one or storing and

generating feedback signals responsively to signals resulting from at least one of the SONAR,
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FRS, and IMU sensors and/or the kinematics of gait includes generating feedback signals
responsively to signals resulting from at least one of the SONAR, FRS, and IMU sensors and/or
the kinematics of gait and the user interface includes headphones and the feedback signals
includes audio signals representing characteristics of a walkable surface selected and stored in
the wearable processor.

[0161] Further seventh embodiment may be modified to form additional seventh
embodiments in which the one or storing and generating feedback signals responsively to signals
resulting from at least one of the SONAR, FRS, and IMU sensors and/or the kinematics of gait
includes generating feedback signals responsively to signals resulting from at least one of the
SONAR, FRS, and IMU sensors and/or the kinematics of gait and the user interface includes
headphones and the feedback signals includes haptic feedback representing characteristics of a
walkable surface selected and stored in the wearable processor. Further seventh embodiment
may be modified to form additional seventh embodiments in which the reference system
includes a video-based motion capture system. Further seventh embodiment may be modified to
form additional seventh embodiments in which the gait kinematics includes data indicating
stance width. Further seventh embodiment may be modified to form additional seventh
embodiments in which the anthropometric characteristics include subject height. Further seventh
embodiment may be modified to form additional seventh embodiments in which the
anthropometric characteristics include subject weight. Further seventh embodiment may be
modified to form additional seventh embodiments in which the gait characteristics include stride
length. Further seventh embodiment may be modified to form additional seventh embodiments
in which the gait characteristics include foot trajectory. Further seventh embodiment may be
modified to form additional seventh embodiments in which the gait characteristics include ankle
range of motion. Further seventh embodiment may be modified to form additional seventh
embodiments in which the gait characteristics include ankle plantar/dorsiflection range of
motion and instantancous ankle angle relative to a reference direction.

[0162] Further seventh embodiment may be modified to form additional seventh
embodiments in which the feedback signals include tactile feedback or audible sound delivered
through transducers in the sensor footwear unit. Further seventh embodiment may be modified
to form additional seventh embodiments in which the wearable processor is in a wearable unit.
Further seventh embodiment may be modified to form additional seventh embodiments in which
the model is a linear model. Further seventh embodiment may be modified to form additional
seventh embodiments in which the IMU has 9 degrees of freedom responsive to derivatives of
rotational and translational displacement and magnetic field orientation. Further seventh

embodiment may be modified to form additional seventh embodiments in which the estimating
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includes detecting events by thresholding respective ones of the signals. Further seventh
embodiment may be modified to form additional seventh embodiments in which the
thresholding includes discriminating an interval of a gait cycle during which the feet of the
subject are flat on the floor. Further seventh embodiment may be modified to form additional
seventh embodiments in which the capturing gait kinematics of a subject with a reference
system includes indicating transient positions of anatomical features. Further seventh
embodiment may be modified to form additional seventh embodiments in which the anatomical
features are generated from markers located directly on the anatomical features of the subject.

[0163] Further seventh embodiment may be modified to form additional seventh
embodiments in which the capturing gait kinematics and the estimating kinematics of gait each
include estimating one or more of ankle range of motion, ankle symmetry, stride length, foot-
ground clearance, base of walking, ankle trajectory, and foot trajectory. Further seventh
embodiment may be modified to form additional seventh embodiments in which the one or
storing and generating feedback signals responsively to signals resulting from at least one of the
SONAR, FRS, and IMU sensors and/or the kinematics of gait includes generating feedback
signals responsively to signals resulting from at least one of the SONAR, FRS, and IMU sensors
and/or the kinematics of gait and the user interface includes headphones and wherein at least one
of the vibrotactile transducers and/or speakers connected to the footwear unit are integrated in
the footwear unit. Further seventh embodiment may be modified to form additional seventh
embodiments in which the one or storing and generating feedback signals responsively to signals
resulting from at least one of the SONAR, FRS, and IMU sensors and/or the kinematics of gait
includes generating feedback signals responsively to signals resulting from at least one of the
SONAR, FRS, and IMU sensors and/or the kinematics of gait and the user interface includes
headphones and wherein both the vibrotactile transducers and/or speakers are vibrotactile
transducers and speakers connected to the footwear unit.

[0164] Further seventh embodiment may be modified to form additional seventh
embodiments in which the one or storing and generating feedback signals responsively to signals
resulting from at least one of the SONAR, FRS, and IMU sensors and/or the kinematics of gait
includes generating feedback signals responsively to signals resulting from at least one of the
SONAR, FRS, and IMU sensors and/or the kinematics of gait and the user interface includes
headphones and wherein both the vibrotactile transducers and/or speakers are vibrotactile
transducers and speakers connected to the footwear unit integrated in the footwear unit. Further
seventh embodiment may be modified to form additional seventh embodiments in which the one
of storing and generating feedback signals responsively to signals resulting from at least one of

the SONAR, FRS, and IMU sensors and/or the kinematics of gait includes generating feedback

32



10

15

20

25

30

35

WO 2015/164456 PCT/US2015/027007
signals responsively to signals resulting from at least one of the SONAR, FRS, and IMU sensors
and/or the kinematics of gait and the user interface includes headphones and wherein the
vibrotactile transducers and/or speakers are connected to a wearable sound synthesizer by a
cable.

[0165] Further seventh embodiment may be modified to form additional seventh
embodiments in which the anthropometric characteristics include at least one of subject height,
weight, shoe size, age, and gender. Further seventh embodiment may be modified to form
additional seventh embodiments in which the anthropometric characteristics include subject
height, weight, shoe size, age, and gender. Further seventh embodiment may be modified to
form additional seventh embodiments in which the anthropometric characteristics include at
least one of subject height, weight, hip circumference, shank length, thigh length, leg length,
shoe size, age, and gender. Further seventh embodiment may be modified to form additional
seventh embodiments in which the one or storing and generating feedback signals responsively
to signals resulting from at least one of the SONAR, FRS, and IMU sensors and/or the
kinematics of gait includes generating feedback signals responsively to signals resulting from at
least one of the SONAR, FRS, and IMU sensors and/or the kinematics of gait and the user
interface includes headphones and wherein the estimating kinematics of gait and generating
feedback signals are performed with a wearable system on battery power that is not tethered to a
power source or separate computer.

[0166] Further seventh embodiment may be modified to form additional seventh
embodiments in which the anthropometric characteristics include at least one of subject
dimensions, weight, gender, and/or pathology and estimate of a degree of the pathology. Further
seventh embodiment may be modified to form additional seventh embodiments in which the
SONAR indicates the separation between the feet. Further seventh embodiment may be
modified to form additional seventh embodiments in which there are SONAR sensors on each
footwear unit and the measure of the leg separation is indicated by processing signals from the
SONAR sensors by taking the minimum physical separation between the near-most obstacle
detected by each SONAR sensor as an indication of the leg separate. Further seventh
embodiment may be modified to form additional seventh embodiments in which kinematics of
gait of the new subject include stride length. Further seventh embodiment may be modified to
form additional seventh embodiments in which kinematics of gait of the new subject foot
include trajectory.

[0167] Further seventh embodiment may be modified to form additional seventh
embodiments in which the kinematics of gait of the new subject ankle range of motion. Further

seventh embodiment may be modified to form additional seventh embodiments in which the
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kinematics of gait of the new subject include ankle plantar/dorsiflection range of motion and
instantaneous ankle angle relative to a reference direction. Further seventh embodiment may be
modified to form additional seventh embodiments in which the one or storing and generating
feedback signals responsively to signals resulting from at least one of the SONAR, FRS, and
IMU sensors and/or the kinematics of gait includes generating feedback signals responsively to
signals resulting from at least one of the SONAR, FRS, and IMU sensors and/or the kinematics
of gait and the user interface includes headphones and wherein the generating feedback signals
includes generating sounds responsive to a selectable command identifying a surface type and
responsive to instantaneous signals from the FRSs. Further seventh embodiment may be
modified to form additional seventh embodiments in which the footwear unit further includes a
further inertial sensor. Further seventh embodiment may be modified to form additional seventh
embodiments in which the footwear unit includes at least 3 FRS sensors. Further seventh
embodiment may be modified to form additional seventh embodiments in which the footwear
unit includes at least 5 FRS sensors. Further seventh embodiment may be modified to form
additional seventh embodiments in which the one or storing and generating feedback signals
responsively to signals resulting from at least one of the SONAR, FRS, and IMU sensors and/or
the kinematics of gait includes generating feedback signals responsively to signals resulting
from at least one of the SONAR, FRS, and IMU sensors and/or the kinematics of gait and the
user interface includes headphones and wherein the footwear unit includes multiple vibrotactile
transducers located at multiple respective positions in the sole of the footwear unit.

[0168] According to eight embodiments, the disclosed subject matter includes a method for
providing feedback for support of gait training. Gait kinematics of a subject are captured with a
reference system. Simultancously with the capturing, inertial signals are sampled indicating
orientation and displacement motion of a gait of a subject from a N-degree of freedom inertial
measurement unit (IMU) mounted in the middle of the sole of each of two sensor footwear unit
worn by the subject and an IMU worn on each shank of the subject. Simultancously with the
capturing, sonar signals are sampled which indicate a separation between legs using at least one
ultrasonic range sensor (SONAR) on at least one of the two footwear unit. Simultancously with
the capturing, force signals are sample from force sensors (FRS) located at multiple points on
soles of the two sensor footwear unit. Anthropometric characteristics of the subject are stored
on a computer. A model is generated to estimate gait characteristics from the captured gait
kinematics, the anthropometric characteristics of the set of subjects, and the samples resulting
from all of the sampling. Over a period of time, sensor data is sampled and stored which is
responsive to sonar, inertial, and force signals of the subject instrumented footwear device

described with respect to the calibration process. Time-dependent kinematic parameters are
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estimated representing the gait of the subject over the course of the period of time responsively
to the model and the sensor data that has been stored. Thus, the system and method are like a
holter monitor used for observing the heart of a patient. A wearable device can record all the
readings, or reduced versions thereof, during the course of a period of time such as a day. The
data recorded by the monitor can be stored and transmitted from the home of a subject, for
example, to a computer accessible by a clinician who may process the data to provide time-
based kinematic data for analysis of the subject.

[0169] Further eighth embodiment may be modified to form additional eighth embodiments
in which the reference system includes a video-based motion capture system. Further eighth
embodiment may be modified to form additional eighth embodiments in which the gait
kinematics includes data indicating stance width. Further eighth embodiment may be modified
to form additional eighth embodiments in which the gait characteristics include stride length.
Further eighth embodiment may be modified to form additional eighth embodiments in which
the gait characteristics include foot trajectory.

[0170] Further eighth embodiment may be modified to form additional eighth embodiments
in which the gait characteristics include ankle range of motion. Further eighth embodiment may
be modified to form additional eighth embodiments in which the gait characteristics include
ankle plantar/dorsiflection range of motion and instantancous ankle angle relative to a reference
direction. Further eighth embodiment may be modified to form additional eighth embodiments
in which the feedback signals include tactile feedback or audible sound delivered through
transducers in the sensor footwear unit. Further eighth embodiment may be modified to form
additional eighth embodiments in which the model is a linear model. Further eighth embodiment
may be modified to form additional eighth embodiments in which the IMU has 9 degrees of
freedom responsive to derivatives of rotational and translational displacement and magnetic field
orientation. Further eighth embodiment may be modified to form additional eighth embodiments
in which the estimating includes detecting events by thresholding respective ones of the signals.

[0171] Further eighth embodiment may be modified to form additional eighth embodiments
in which the thresholding includes discriminating an interval of a gait cycle during which the
feet of the subject are flat on the floor. Further eighth embodiment may be modified to form
additional eighth embodiments in which the capturing gait kinematics of a subject with a
reference system includes indicating transient positions of anatomical features.

[0172] Further eighth embodiment may be modified to form additional eighth embodiments
in which the anatomical features are generated from markers located directly on the anatomical
features of the subject. Further eighth embodiment may be modified to form additional eighth

embodiments in which the capturing gait kinematics and the estimating kinematics of gait each
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include estimating one or more of ankle range of motion, ankle symmetry, stride length, foot-
ground clearance, base of walking, ankle trajectory, and foot trajectory.

[0173] Further eighth embodiment may be modified to form additional eighth embodiments
in which the estimating kinematics of gait and generating feedback signals are performed with a
wearable system on battery power that is not tethered to a power source or separate computer.
Further eighth embodiment may be modified to form additional eighth embodiments in which
the SONAR indicates the separation between the feet. Further eighth embodiment may be
modified to form additional eighth embodiments in which there are SONAR sensors on each
footwear unit and the measure of the leg separation is indicated by processing signals from the
SONAR sensors by taking the minimum physical separation between the near-most obstacle
detected by each SONAR sensor as an indication of the leg separate. Further eighth embodiment
may be modified to form additional eighth embodiments in which the kinematics of gait of the
subject include stride length.

[0174] Further eighth embodiment may be modified to form additional eighth embodiments
in which the kinematics of gait of the subject foot trajectory. Further eighth embodiment may be
modified to form additional eighth embodiments in which the kinematics of gait of the subject
ankle range of motion. Further eighth embodiment may be modified to form additional eighth
embodiments in which the kinematics of gait of the subject include ankle plantar/dorsiflection
range of motion and instantancous ankle angle relative to a reference direction. Further eighth
embodiment may be modified to form additional eighth embodiments in which the generating
feedback signals includes generating sounds responsive to a selectable command identifying a
surface type and responsive to instantancous signals from the FRSs. Further eighth embodiment
may be modified to form additional eighth embodiments in which the footwear unit further
includes a further inertial sensor. Further eighth embodiment may be modified to form
additional eighth embodiments in which the footwear unit includes at least 3 FRS sensors.
Further eighth embodiment may be modified to form additional eighth embodiments in which
the footwear unit includes at least 5 FRS sensors.

[0175] It will be appreciated that the disclosed modules, processes, or systems associated
with control or use of the disclosed devices may be implemented in hardware, hardware
programmed by software, software instruction stored on a non-transitory computer readable
medium or a combination of the above. For example, any of the methods or processes disclosed
herein can be implemented, for example, using a processor configured to execute a sequence of
programmed instructions stored on a non-transitory computer readable medium, which processor
and/or computer readable medium may be part of a system configured to control or use the gait

training/analysis system. For example, the processor can include, but is not limited to, a
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personal computer or workstation or other such computing system that includes a processor,
microprocessor, microcontroller device, or is comprised of control logic including integrated
circuits such as, for example, an Application Specific Integrated Circuit (ASIC). The
instructions can be compiled from source code instructions provided in accordance with a
programming language such as Java, C++, C#.net or the like. The instructions can also
comprise code and data objects provided in accordance with, for example, the Visual Basic™
language, LabVIEW, or another structured or object-oriented programming language. The
sequence of programmed instructions and data associated therewith can be stored in a non-
transitory computer-readable medium such as a computer memory or storage device which may
be any suitable memory apparatus, such as, but not limited to read-only memory (ROM),
programmable read-only memory (PROM), electrically erasable programmable read-only
memory (EEPROM), random-access memory (RAM), flash memory, disk drive and the like.

[0176] Furthermore, any of the methods or processes disclosed herein can be implemented
as a single processor or as a distributed processor, which single or distributed processor may be
part of a system configured to control or use the active tethered pelvic assist device. Further, it
should be appreciated that the steps mentioned herein may be performed on a single or
distributed processor (single and/or multi-core). Also, any of the methods or processes
described in the various Figures of and for embodiments herein may be distributed across
multiple computers or systems or may be co-located in a single processor or system. Exemplary
structural embodiment alternatives suitable for implementing any of the methods or processes
described herein are provided below.

[0177] Any of the methods or processes described above can be implemented as a
programmed general purpose computer, an electronic device programmed with microcode, a
hard-wired analog logic circuit, software stored on a computer-readable medium or signal, an
optical computing device, a networked system of electronic and/or optical devices, a special
purpose computing device, an integrated circuit device, a semiconductor chip, and a software
module or object stored on a computer-readable medium or signal, for example, any of which
may be part of a system configured to control or use the active tethered pelvic assist device.

[0178] Embodiments of the methods, processes, and systems (or their sub-components or
modules), may be implemented on a general-purpose computer, a special-purpose computer, a
programmed microprocessor or microcontroller and peripheral integrated circuit element, an
ASIC or other integrated circuit, a digital signal processor, a hardwired electronic or logic circuit
such as a discrete element circuit, a programmed logic circuit such as a programmable logic
device (PLD), programmable logic array (PLA), field-programmable gate array (FPGA),

programmable array logic (PAL) device, or the like. In general, any process capable of
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implementing the functions or steps described herein can be used to implement embodiments of
the methods, systems, or computer program products (i.e., software program stored on a non-
transitory computer readable medium).

[0179] Furthermore, embodiments of the disclosed methods, processes, or systems may be
readily implemented, fully or partially, in software using, for example, object or object-oriented
software development environments that provide portable source code that can be used on a
variety of computer platforms. Alternatively, embodiments of the disclosed methods, processes,
or systems can be implemented partially or fully in hardware using, for example, standard logic
circuits or a very-large-scale integration (VLSI) design. Other hardware or software can be used
to implement embodiments depending on the speed and/or efficiency requirements of the
systems, the particular function, and/or particular software or hardware system, microprocessor,
or microcomputer being utilized. Embodiments of the disclosed methods, processes, or systems
can be implemented in hardware and/or software using any known or later developed systems or
structures, devices and/or software by those of ordinary skill in the art from the function
description provided herein and with knowledge of computer programming arts.

[0180] In this application, unless specifically stated otherwise, the use of the singular
includes the plural and the use of “or” means “and/or.” Furthermore, use of the terms
“including” or “having,” as well as other forms, such as “includes,” “included,” “has,” or “had”
is not limiting. Any range described herein will be understood to include the endpoints and all
values between the endpoints. Furthermore, the foregoing descriptions apply, in some cases, to
examples generated in a laboratory, but these examples may be extended to production
techniques. For example, where quantities and techniques apply to the laboratory examples,
they should not be understood as limiting. In addition, although specific materials have been
disclosed herein, other materials may also be employed according to one or more contemplated
embodiments. Features of the disclosed embodiments may be combined, rearranged, omitted,
etc., within the scope of the invention to produce additional embodiments. Furthermore, certain
features may sometimes be used to advantage without a corresponding use of other features.

[0181] It is thus apparent that there is provided in accordance with the present disclosure,
system, methods, and devices for gait analysis and/or training. Many alternatives,
modifications, and variations are enabled by the present disclosure. While specific
embodiments have been shown and described in detail to illustrate the application of the
principles of the present invention, it will be understood that the invention may be embodied
otherwise without departing from such principles. Accordingly, Applicant intends to embrace
all such alternatives, modifications, equivalents, and variations that are within the spirit and

scope of the present invention.
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CLAIMS

1. A gait training and analysis system to be worn by a subject comprising:

a pair of footwear modules, each footwear module constructed to be worn on a foot of the
subject and comprising:

a sole portion having a plurality of piczo-resistive pressure sensors and a plurality of
vibrotactile transducers, each piezo-resistive sensor being configured to generate a respective
sensor signal responsively to pressure applied to the sole portion, each vibrotactile
transducer being configured to generate vibration responsively to one or more feedback
signals;

a heel portion having a multi-degree of freedom inertial sensor and configured to
generate a respective sensor signal;

a speaker configured to generate audible sound in response to the one or more feedback
signals; and

a wireless communication module configured to wirelessly transmit each of said sensor
signals and receive said feedback signals;

a processing module constructed to be worn as a belt by the subject, the processing module
being configured to process each of said sensor signals received from the wireless
communication module and to generate the one or more feedback signals responsively thereto;
and

cach footwear module being connected to the processing module to convey the one or more
feedback signals from the processing module to the vibrotactile transducers and/or speakers
connected to the footwear unit.

2. The system of claim 1, wherein, for each footwear module, a respective one of the piezo-
resistive sensors is located underneath the calcaneous, the head of the 4™ metatarsal, the head of
the 1% metatarsal, and the distal phalanx of the hallux of each foot.

3. The system of claim 1, wherein, for each footwear module, a first one of the vibrotacticle
transducers is located underneath an anterior aspect of the calcancous, a second one of the
vibrotacticle transducers is located underneath a posterior aspect of the calcaneous, a third one
of the vibrotacticle transducers is located underneath the middle of the lateral arch, a fourth one
of the vibrotacticle transducers is located underneath the head of the 1% metatarsal, and a fifth
one of the vibrotacticle transducers is located underneath the distal phalanx of the halloos of
ecach foot.

4. The system of claim 3, wherein, for each footwear module, a first of the feedback signals
drives the first and second vibrotactile transducers, a second of the feedback signals drives the

third the vibrotactile transducers, a third of the feedback signals drives the fourth and fifth
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vibrotactile transducers, and a fourth of the feedback signals drives the speaker.

5. The system of claim 1, wherein the inertial sensor is a nine-degree of freedom inertial
Sensor.

6. The system of claim 1, wherein, for each footwear module, the inertial sensor is located
along the midline of the foot below the tarsometatarsal articulations.

7. The system of claim 1, wherein the processing module is configured to determine one or
more gait parameters responsively to the sensor signals, the gait parameters comprising stride
length, foot-ground clearance, base of walking, foot trajectory, ankle plantar-dorsiflexion angle,
cadence, single/double support, symmetry ratios, and walking speed.

8. The system of claim 7, wherein the processing module comprises on-board memory for
storing the determined gait parameters.

9. The system of claim 1, wherein the processing module includes a single-board computer
and a sound card.

10. The system of claim 1, further comprising ultrasonic sensors, each ultrasonic sensor
coupled to the sole portion of a respective one of the footwear units and configured to detect a
base which the sole of the respective footwear module contacts during walking.

11. The system of claim 1, further comprising a second inertial sensor coupled to a
proximal shank of the subject.

12. The system of claim 1, further comprising accelerometers, each accelerometer coupled
to the heel portion of a respective one of the footwear units.

13. The system of claim 1, wherein the processing module is configured to sample data at a
rate of at least 500 Hz.

14. The system of claim 1, wherein each footwear module comprises a power source and
the processing module comprises a separate power source.

15. The system of claim 14, wherein each power source is a lithium ion polymer battery.

16. The system of claim 1, wherein the processing module is configured to change the one
or more feedback signals responsively to gait pattern changes or intensity of impact so as to
produce different sounds or vibrations from each footwear module.

17. A system for synthesizing continuous audio-tactile feedback in real-time, comprising:

one or more sensors configured to be attached to a footwear unit of a subject to measure
pressure under the foot and/or kinematic data of the foot; and

a computer processor configured to be attached to the subject to receive data from the one or
more sensors and to generate audio-tactile signals based on the received sensor data,

wherein the generated audio-tactile signal is transmitted to one or more vibrotactile

transducers and loudspeakers included in the footwear unit.
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18. The system of claim 17, wherein the computer processor is configured to be attached to a
belt of the subject.

18. The system of claim 17, wherein the one or more sensors include piezo-resistive force
Sensors.

19. The system of claim 17, wherein the computer processor is a single-board computer
processor.

20. A method for real-time synthesis of continuous audio-tactile feedback, comprising:

measuring pressure and/or kinematic data of a foot of a subject;

sending the pressure and/or kinematic data to a computer processor attached to a body part
of the subject to generate audio-tactile feedback signal based on the measured pressure and/or
kinematic data; and

sending the audio-tactile feedback signal to vibrotactile sensors attached to the foot of the
subject.

21. The method of claim 20, wherein the sending the pressure and/or kinematic data is
performed wirelessly.

22. The method of claim 20, wherein the sending the audio-tactile feedback signal is via
audio cables.

23. A system comprising:

one or more footwear modules, each footwear module comprising:

ON¢ Or MOTre Pressure Sensors;

one or more inertial sensors;

a feedback module configured to provide a wearer of the footwear unit with at least one
of auditory and tactile feedback; and

a wearable processing module configured to receive signals from the pressure and inertial
sensors and to provide one or more command signals to the feedback module to generate the at
least one of auditory and tactile feedback responsively to the received sensor signals.

24. The system of claim 23, wherein the one or more pressure sensors is at least four
pressure sensors.

25. The system of claim 24, wherein a first of the pressure sensors is located underneath the
calcaneous, a second of the pressure sensors is located underneath the head of the 4th metatarsal,
a third of the pressure sensors is located underneath the head of the 1st metatarsal, and a fourth
of the pressure sensors is located underneath the distal phalanx of the hallux of a foot of the
wearer.

26. The system of claim 23, wherein the one or more pressure sensors comprise one or more

piezo-resistive force sensors.
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27. The system of claim 23, wherein the one or more inertial sensors is a nine-degree of
freedom inertial measurement unit.

28. The system of claim 23, wherein one of the inertial sensors is located at a midline of a
foot of the wearer below the tarsometatarsal articulations.

29. The system of claim 23, further comprising a second inertial sensor mounted on the
wearer remote from the one or more footwear modules.

30. The system of claim 29, wherein the second inertial sensor is coupled to a proximal
shank of the wearer.

31. The system of claim 23, wherein the one or more footwear modules comprises a base
sensor configured to detect a surface on which a bottom of the footwear unit contacts during
walking.

32. The system of claim 31, wherein the base sensor is an ultrasonic sensor.

33. The system of claim 23, wherein the one or more footwear modules include an
accelerometer.

34. The system of claim 33, wherein the accelerometer is disposed proximal to the heel of
the one of more footwear modules.

35. The system of claim 23, wherein the one or more footwear modules comprises a
plurality of vibration transducers.

36. The system of claim 35, wherein a first one of the vibration transducers is located
underneath an anterior aspect of the calcaneous, a second one of the vibration transducers is
located underneath a posterior aspect of the calcancous, a third one of the vibration transducers
is located underneath the middle of the lateral arch, a fourth one of the vibration transducers is
located underncath the head of the 1st metatarsal, and a fifth one of the vibration transducers is
located underneath the distal phalanx of the hallus of each foot.

37. The system of claim 36, wherein the feedback module comprises a speaker.

38. The system of claim 37, wherein a first of the command signals drives the first and
second vibration transducer, a second of the command signals drives the third vibration
transducer, a third of the command signals drives the fourth and fifth transducers, and a fourth of
the command signals drives the speaker.

39. The system of claim 35, wherein the plurality of vibration transducers is at least five
transducers for each footwear module.

40. The system of claim 35, wherein the vibration transducers are arranged anteriorly,
posteriorly, and under the lateral arch of a foot of the wearer.

41. The system of claim 40, wherein the anteriorly arranged vibration transducers are driven

by a first of the command signals, the posteriorly arranged vibration transducers are driven by a
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second of the command signals, and the vibration transducers under the lateral arch are driven
by a third of the command signals.

42. The system of claim 23, wherein the feedback module comprises a speaker.

43. The system of claim 23, wherein the one or more footwear modules are configured to
transmit sensor signals to the wearable processing module via a wireless connection.

44. The system of claim 23, further comprising one or more audio cables coupling the
wearable processing module to the one or more footwear modules, wherein the one or more
command signals are transmitted via the one or more audio cables.

45. The system of claim 23, wherein the wearable processing module is constructed to be
worn as or attached to a belt or a backpack of the subject.

46. The system of claim 23, wherein the wearable processing module is configured to
wirelessly communicate with an external network or computer.

47. The system of claim 23, wherein the wearable processing module is configured to
determine at least one gait parameter and to generate data responsively to the sensor signals.

48. The system of claim 47, wherein the wearable processing module comprises memory
for storing the generated data.

49. The system of claim 47, wherein the gait parameters include one or more of spatial and
temporal parameters.

50. The system of claim 49, wherein the spatial parameters include stride length, foot-
ground clearance, base of walking, foot trajectory, and ankle plantar-dorsiflexion angle.

51. The system of claim 49, wherein the temporal parameters include cadence,
single/double support, symmetry ratios, and walking speed.

52. The system of claim 47, wherein the wearable processing module is configured to
sample data at a rate of at least 500 Hz.

53. The system of claim 23, wherein each of the footwear unit and processing modules has
a separate power supply.

54. The system of claim 53, wherein each power supply is a lithium-ion polymer battery.

55. The system of claim 23, wherein the processing module comprises a multi-channel
sound card that generates analog command signals.

56. The system of claim 23, wherein the one or more footwear modules comprises a sole
with the one or more pressure sensors embedded therein.

57. The system of claim 23, wherein the one or more command signals change responsively
to gait pattern changes or intensity of impact of the one or more footwear modules so as to
produce different sounds and/or vibrations via the feedback module.

58. The system of claim 23, wherein the feedback module is located on a perimeter of a foot
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inserted into the respective footwear module.

59. A method for gait analysis and/or training, the method comprising generating auditory
feedback via one or more speakers and/or tactile feedback via one or more vibrotactile
transducers of the footwear unit, the generating being responsive to signals from pressure and
inertial sensors of the footwear unit indicative of one or more gait parameters.

60. The method of claim 59, further comprising wirelessly transmitting the sensor signals
from the footwear unit worn by a subject to a remote processor worn by the subject.

61. The method of claim 60, further comprising transmitting via one or more wired
connections signals from the remote processor to the footwear unit that generate the auditory
and/or tactile feedback.

62. The method of claim 59, further comprising determining one or more gait parameters
selected from stride length, foot-ground clearance, base of walking, foot trajectory, ankle
plantar-dorsiflexion angle, cadence, single/double support, symmetry ratios, and walking speed.

63. The method of claim 62, further comprising storing the determined gait parameters as
data in memory of the remote processor.

64. The method of claim 63, further comprising wirelessly transmitting the stored data to a
separate computer or network.

65. The method of claim 59, further comprising attaching a first footwear module to a right
foot of a subject and a second footwear module to a left foot of the subject, attaching a remote
processor to a belt worn by the subject, and coupling audio cables between the remote processor
and the first and second footwear modules.

66. The method of claim 65, wherein the coupling audio cables comprises positioning audio
cables along respective legs of the subject.

67. The method of claim 59, further comprising positioning an inertial measurement unit
along a leg of the subject, wherein the generating is further responsive to signals from the
inertial measurement unit.

68. The method of claim 59, wherein the generating auditory feedback is via one or more
speakers of the footwear unit.

69. The method of claim 59, wherein the generating auditory feedback is via headphones
worn by the subject.

70. A method for providing feedback for support of gait training, comprising:

(a) capturing gait kinematics of a subject with a reference system;

(b) simultaneously with said capturing, sampling inertial signals indicating orientation and
displacement motion of a gait of a subject from a N-degree of freedom inertial measurement unit

(IMU) mounted in the middle of the sole of each of two sensor footwear unit worn by the
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subject and an IMU worn on each shank of said subject;

(c¢) simultaneously with said capturing, sampling sonar signals indicating a separation
between legs using at least one ultrasonic range sensor (SONAR) on at least one of said two
footwear units;

(d) simultaneously with said capturing, sampling force signals from force sensors (FRS)
located at multiple points on soles of said two sensor footwear units;

(e) storing on a computer anthropometric characteristics of said subject;

generating a model to estimate gait characteristics from said captured gait kinematics, said
anthropometric characteristics of the set of subjects, and said samples resulting from all of said
sampling;

storing said model on a wearable processor worn by said subject;

attaching instrumented footwear units configured as said sensor footwear units worn by said
subject during said actions (a) through (¢), and connecting the wearable processor to the
instrumented footwear units;

using the wearable processor, estimating kinematics of gait of the subject responsively to
said model and sonar, inertial, and force signals from the instrumented footwear unit worn by
the subject and an IMU worn on the subject’s shank;

generating feedback signals responsively to signals resulting from at least one of said
SONAR, FRS, and IMU sensors and/or said kinematics of gait and outputting the feedback
signals to a user interface worn by said subject.

71. The method of claim 70, wherein the user interface includes headphones and said
feedback signals include audio signals representing characteristics of a walkable surface selected
and stored in said wearable processor.

72. The method of claim 70, wherein the user interface includes speakers in one or both of
said instrumented footwear units and said feedback signals includes audio signals representing
characteristics of a walkable surface selected and stored in said wearable processor.

73. The method of claim 70, wherein the user interface includes one or more vibrotactile
transducers in said instrumented footwear units and said feedback signals includes haptic
feedback representing characteristics of a walkable surface selected and stored in said wearable
processor.

74. The method of claim 70, wherein the reference system includes a video-based motion
capture system.

75. The method of claim 70, wherein the gait kinematics includes data indicating stance
width.

76. The method of claim 70, wherein the anthropometric characteristics include subject
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height.

77. The method of claim 70, wherein the anthropometric characteristics include subject
weight.

78. The method of claim 70, wherein the gait characteristics include stride length.

79. The method of claim 70, wherein the gait characteristics include foot trajectory.

80. The method of claim 70, wherein the gait characteristics include ankle range of motion.

81. The method of claim 70, wherein the gait characteristics include ankle
plantar/dorsiflection range of motion and instantancous ankle angle relative to a reference
direction.

82. The method of claim 70, wherein the feedback signals include tactile feedback or
audible sound delivered through transducers in the sensor footwear unit.

83. The method of claim 70, wherein the wearable processor is in a wearable unit.

84. The method of claim 70, wherein the model is a linear model.

85. The method of claim 70, wherein the IMU has 9 degrees of freedom responsive to
derivatives of rotational and translational displacement and magnetic field orientation.

86. The method of claim 70, wherein said estimating includes detecting events by
thresholding respective ones of said signals.

87. The method of claim 83, wherein the thresholding includes discriminating an interval of
a gait cycle during which the feet of the subject are flat on the floor.

88. The method of claim 70, wherein the capturing gait kinematics of a subject with a
reference system includes indicating transient positions of anatomical features.

89. The method of claim 85, wherein the anatomical features are generated from markers
located directly on the anatomical features of the subject.

90. The method of claim 70, wherein the capturing gait kinematics and the estimating
kinematics of gait each include estimating one or more of ankle range of motion, ankle
symmetry, stride length, foot-ground clearance, base of walking, ankle trajectory, and foot
trajectory.

91. The method of claim 70, wherein at least one of the vibrotactile transducers and/or
speakers connected to the footwear unit are integrated in the footwear unit.

92. The method of claim 70, wherein both the vibrotactile transducers and/or speakers are
vibrotactile transducers and speakers connected to the footwear unit.

93. The method of claim 70, wherein both the vibrotactile transducers and/or speakers are
vibrotactile transducers and speakers integrated in the footwear unit.

94. The method of claim 88, 89, or 90, wherein the vibrotactile transducers and/or speakers

are connected to a wearable sound synthesizer by a cable.
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95. The method of claim 70, wherein the anthropometric characteristics include at least one
of subject height, weight, shoe size, age, and gender.

96. The method of claim 70, wherein the anthropometric characteristics include subject
height, weight, shoe size, age, and gender.

97. The method of claim 70, wherein the anthropometric characteristics include at least one
of subject height, weight, hip circumference, shank length, thigh length, leg length, shoe size,
age, and gender.

98. The method of claim 70, wherein said estimating kinematics of gait and generating
feedback signals are performed with a wearable system and battery power that is not tethered to
a power source or separate computer.

99. The method of claim 70, wherein the anthropometric characteristics include at least one
of subject dimensions, weight, gender, and/or pathology and estimate of a degree of the
pathology.

100. The method of claim 70, wherein the SONAR indicates the separation between the feet.

101. The method of claim 70, wherein there are SONAR sensors on cach footwear unit and
the measure of the leg separation is indicated by processing signals from the SONAR sensors by
taking the minimum physical separation between the near-most obstacle detected by each
SONAR sensor as an indication of the leg separation.

102. The method of claim 70, wherein the kinematics of gait of the new subject include stride
length.

103. The method of claim 70, wherein the kinematics of gait of the new subject foot
trajectory.

104. The method of claim 70, wherein the kinematics of gait of the new subject include ankle
range of motion.

105. The method of claim 70, wherein the kinematics of gait of the new subject include ankle
plantar/dorsiflection range of motion and instantancous ankle angle relative to a reference
direction.

106. The method of claim 70, wherein the generating feedback signals includes generating
sounds responsive to a selectable command identifying a surface type and responsive to
instantaneous signals from the FRSs.

107. The method of claim 70, wherein the footwear unit further includes a further inertial
Sensor.

108. The method of claim 70, wherein the footwear unit includes at least 3 FRS sensors.

109. The method of claim 70, wherein the footwear unit includes at least 5 FRS sensors.

110. The method of claim 70, wherein the footwear unit includes multiple vibrotactile

47



10

15

20

25

30

35

WO 2015/164456 PCT/US2015/027007

transducers located at multiple respective positions in the sole of said footwear unit.

111. The method of claim 70 including the limitations of each possible combination of its
dependent claims listed thereafter and not otherwise listed as a separate claim depending from
claim 70.

112. A method for providing feedback for support of gait training, comprising:

(a) capturing gait kinematics of a subject with a reference system;

(b) simultaneously with said capturing, sampling inertial signals indicating orientation and
displacement motion of a gait of a subject from a N-degree of freedom inertial measurement unit
(IMU) mounted in the middle of the sole of each of two sensor footwear unit worn by the
subject and an IMU worn on each shank of said subject;

(c¢) simultaneously with said capturing, sampling sonar signals indicating a separation
between legs using at least one ultrasonic range sensor (SONAR) on at least one of said two
footwear unit;

(d) simultaneously with said capturing, sampling force signals from force sensors (FRS)
located at multiple points on soles of said two sensor footwear unit;

(e) storing on a computer anthropometric characteristics of said subject;

(f) measuring anthropometric characteristics of said subject;

repeating (a) through (f) for each member of a set of subjects with varied anthropometric
characteristics;

generating a model to estimate gait characteristics from said captured gait kinematics, said
measured anthropometric characteristics of the set of subjects, and said samples resulting from
all of said sampling obtained for all the subjects in the set whereby the model predicts
parameters representing gait characteristics responsively to both samples from sensor signals
and the anthropometric characteristics of a new subject;

measuring anthropometric characteristics of a new subject outside said set;

fitting the new subject with instrumented footwear units configured as said sensor footwear
unit and worn by said subjects in said set;

using a wearable processor connected to the instrumented footwear units, estimating
kinematics of gait of the new subject responsively to said model and anthropometric
characteristics of said new subject, and sonar, inertial, and force signals from instrumented
footwear units worn by the new subject and an IMU worn on the new subject’s shank;

storing signals resulting from at least one of said SONAR, FRS, and IMU sensors and/or
said kinematics of gait and/or generating feedback signals responsively to signals resulting from
at least one of said SONAR, FRS, and IMU sensors and/or said kinematics of gait.

113. The method of claim 112, wherein said one or storing and generating feedback signals
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responsively to signals resulting from at least one of said SONAR, FRS, and IMU sensors and/or

said kinematics of gait includes generating feedback signals responsively to signals resulting
from at least one of said SONAR, FRS, and IMU sensors and/or said kinematics of gait and the
user interface includes headphones and said feedback signals include audio signals representing
characteristics of a walkable surface selected and stored in said wearable processor.

114. The method of claim 112, wherein said one or storing and generating feedback signals
responsively to signals resulting from at least one of said SONAR, FRS, and IMU sensors and/or
said kinematics of gait includes generating feedback signals responsively to signals resulting
from at least one of said SONAR, FRS, and IMU sensors and/or said kinematics of gait and the
user interface includes speakers and said feedback signals includes audio signals representing
characteristics of a walkable surface selected and stored in said wearable processor.

115. The method of claim 112, wherein said one or storing and generating feedback signals
responsively to signals resulting from at least one of said SONAR, FRS, and IMU sensors and/or
said kinematics of gait includes generating feedback signals responsively to signals resulting
from at least one of said SONAR, FRS, and IMU sensors and/or said kinematics of gait and the
user interface includes headphones and said feedback signals includes haptic feedback
representing characteristics of a walkable surface selected and stored in said wearable processor.

116. The method of claim 112, wherein the reference system includes a video-based motion
capture system.

117. The method of claim 112, wherein the gait kinematics includes data indicating stance
width.

118. The method of claim 112, wherein the anthropometric characteristics include subject
height.

119. The method of claim 112, wherein the anthropometric characteristics include subject
weight.

120. The method of claim 112, wherein the gait characteristics include stride length.

121. The method of claim 112, wherein the gait characteristics include foot trajectory.

122. The method of claim 112, wherein the gait characteristics include ankle range of
motion.

123. The method of claim 112, wherein the gait characteristics include ankle
plantar/dorsiflection range of motion and instantancous ankle angle relative to a reference
direction.

124. The method of claim 112, wherein the feedback signals include tactile feedback or
audible sound delivered through transducers in the sensor footwear unit.

125. The method of claim 112, wherein the wearable processor is in a wearable unit.
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126. The method of claim 112, wherein the model is a linear model.

127. The method of claim 112, wherein the IMU has 9 degrees of freedom responsive to
derivatives of rotational and translational displacement and magnetic field orientation.

128. The method of claim 112, wherein said estimating includes detecting events by
thresholding respective ones of said signals.

129. The method of claim 128, wherein the thresholding includes discriminating an interval
of a gait cycle during which the feet of the subject are flat on the floor.

130. The method of claim 112, wherein the capturing gait kinematics of a subject with a
reference system includes indicating transient positions of anatomical features.

131. The method of claim 113, wherein the anatomical features are generated from markers
located directly on the anatomical features of the subject.

132. The method of claim 112, wherein the capturing gait kinematics and the estimating
kinematics of gait each include estimating one or more of ankle range of motion, ankle
symmetry, stride length, foot-ground clearance, base of walking, ankle trajectory, and foot
trajectory.

133. The method of claim 112, wherein said one or storing and generating feedback signals
responsively to signals resulting from at least one of said SONAR, FRS, and IMU sensors and/or
said kinematics of gait includes generating feedback signals responsively to signals resulting
from at least one of said SONAR, FRS, and IMU sensors and/or said kinematics of gait and the
user interface includes headphones and wherein at least one of the vibrotactile transducers
and/or speakers connected to the footwear unit are integrated in the footwear unit.

134. The method of claim 112, wherein said one or storing and generating feedback signals
responsively to signals resulting from at least one of said SONAR, FRS, and IMU sensors and/or
said kinematics of gait includes generating feedback signals responsively to signals resulting
from at least one of said SONAR, FRS, and IMU sensors and/or said kinematics of gait and the
user interface includes headphones and wherein both the vibrotactile transducers and/or speakers
are vibrotactile transducers and speakers connected to the footwear unit.

135. The method of claim 112, The method of claim 112, wherein said one or storing and
generating feedback signals responsively to signals resulting from at least one of said SONAR,
FRS, and IMU sensors and/or said kinematics of gait includes generating feedback signals
responsively to signals resulting from at least one of said SONAR, FRS, and IMU sensors and/or
said kinematics of gait and the user interface includes headphones and wherein both the
vibrotactile transducers and/or speakers are vibrotactile transducers and speakers connected to
the footwear unit integrated in the footwear unit.

136. The method of claim 133, 134, or 135, wherein said one or storing and generating
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feedback signals responsively to signals resulting from at least one of said SONAR, FRS, and

IMU sensors and/or said kinematics of gait includes generating feedback signals responsively to
signals resulting from at least one of said SONAR, FRS, and IMU sensors and/or said
kinematics of gait and the user interface includes headphones and wherein the vibrotactile
transducers and/or speakers are connected to a wearable sound synthesizer by a cable.

137. The method of claim 112, wherein the anthropometric characteristics include at least
one of subject height, weight, shoe size, age, and gender.

138. The method of claim 112, wherein the anthropometric characteristics include subject
height, weight, shoe size, age, and gender.

139. The method of claim 112, wherein the anthropometric characteristics include at least
one of subject height, weight, hip circumference, shank length, thigh length, leg length, shoe
size, age, and gender.

140. The method of claim 112, wherein said one or storing and generating feedback signals
responsively to signals resulting from at least one of said SONAR, FRS, and IMU sensors and/or
said kinematics of gait includes generating feedback signals responsively to signals resulting
from at least one of said SONAR, FRS, and IMU sensors and/or said kinematics of gait and the
user interface includes headphones and wherein said estimating kinematics of gait and
generating feedback signals are performed with a wearable system on battery power that is not
tethered to a power source or separate computer.

141. The method of claim 112, wherein the anthropometric characteristics include at least
one of subject dimensions, weight, gender, and/or pathology and estimate of a degree of the
pathology.

142. The method of claim 112, wherein the SONAR indicates the separation between the
feet.

143. The method of claim 112, wherein there are SONAR sensors on each footwear unit and
the measure of the leg separation is indicated by processing signals from the SONAR sensors by
taking the minimum physical separation between the near-most obstacle detected by each
SONAR sensor as an indication of the leg separate.

144. The method of claim 112, wherein the kinematics of gait of the new subject include
stride length.

145. The method of claim 112, wherein the kinematics of gait of the new subject foot include
trajectory.

146. The method of claim 112, wherein the kinematics of gait of the new subject include
ankle range of motion.

147. The method of claim 112, wherein the kinematics of gait of the new subject include
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ankle plantar/dorsiflection range of motion and instantancous ankle angle relative to a reference
direction.

148. The method of claim 112, wherein said one or storing and generating feedback signals
responsively to signals resulting from at least one of said SONAR, FRS, and IMU sensors and/or
said kinematics of gait includes generating feedback signals responsively to signals resulting
from at least one of said SONAR, FRS, and IMU sensors and/or said kinematics of gait and the
user interface includes headphones and wherein the generating feedback signals includes
generating sounds responsive to a selectable command identifying a surface type and responsive
to instantanecous signals from the FRSs.

149. The method of claim 112, wherein the footwear unit further includes a further inertial
Sensor.

150. The method of claim 112, wherein the footwear unit includes at least 3 FRS sensors.

151. The method of claim 112, wherein the footwear unit includes at least 5 FRS sensors.

152. The method of claim 112, wherein the footwear unit includes 5 FRS sensors.

153. The method of claim 112, wherein said one or storing and generating feedback signals
responsively to signals resulting from at least one of said SONAR, FRS, and IMU sensors and/or
said kinematics of gait includes generating feedback signals responsively to signals resulting
from at least one of said SONAR, FRS, and IMU sensors and/or said kinematics of gait and the
user interface includes headphones and wherein the footwear unit includes multiple vibrotactile
transducers located at multiple respective positions in the sole of said footwear unit.

154. The method of claim 112 including the limitations of each possible combination of its
dependent claims listed thereafter and not otherwise listed as a separate claim depending from
claim 112.

155. A method for providing feedback for support of gait training, comprising:

(a) capturing gait kinematics of a subject with a reference system;

(b) simultaneously with said capturing, sampling inertial signals indicating orientation and
displacement motion of a gait of a subject from a N-degree of freedom inertial measurement unit
(IMU) mounted in the middle of the sole of each of two sensor footwear unit worn by the
subject and an IMU worn on each shank of said subject;

(c¢) simultaneously with said capturing, sampling sonar signals indicating a separation
between legs using at least one ultrasonic range sensor (SONAR) on at least one of said two
footwear unit;

(d) simultaneously with said capturing, sampling force signals from force sensors (FRS)
located at multiple points on soles of said two sensor footwear unit;

(e) storing on a computer anthropometric characteristics of said subject;
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generating a model to estimate gait characteristics from said captured gait kinematics, said
anthropometric characteristics of the set of subjects, and said samples resulting from all of said
sampling;

sampling and storing, over a period of time, sensor data responsive to sonar, inertial, and
force signals of the subject instrumented footwear device with as in processes (a) through (d);

estimating time-dependent data indicating kinematic parameters of gait of the subject over
the course of said period of time responsively to said model and said sensor data.

156. The method of claim 155, wherein the reference system includes a video-based motion
capture system.

157. The method of claim 155, wherein the gait kinematics includes data indicating stance
width.

158. The method of claim 155, wherein the gait characteristics include stride length.

159. The method of claim 155, wherein the gait characteristics include foot trajectory.

160. The method of claim 155, wherein the gait characteristics include ankle range of
motion.

161. The method of claim 155, wherein the gait characteristics include ankle
plantar/dorsiflection range of motion and instantancous ankle angle relative to a reference
direction.

162. The method of claim 155, wherein the feedback signals include tactile feedback or
audible sound delivered through transducers in the sensor footwear unit.

163. The method of claim 155, wherein the model is a linear model.

164. The method of claim 155, wherein the IMU has 9 degrees of freedom responsive to
derivatives of rotational and translational displacement and magnetic field orientation.

165. The method of claim 155, wherein said estimating includes detecting events by
thresholding respective ones of said signals.

166. The method of claim 165, wherein the thresholding includes discriminating an interval
of a gait cycle during which the feet of the subject are flat on the floor.

167. The method of claim 155, wherein the capturing gait kinematics of a subject with a
reference system includes indicating transient positions of anatomical features.

168. The method of claim 167, wherein the anatomical features are generated from markers
located directly on the anatomical features of the subject.

169. The method of claim 155, wherein the capturing gait kinematics and the estimating
kinematics of gait each include estimating one or more of ankle range of motion, ankle
symmetry, stride length, foot-ground clearance, base of walking, ankle trajectory, and foot

trajectory.
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170. The method of claim 155, wherein said estimating kinematics of gait and generating
feedback signals are performed with a wearable system on battery power that is not tethered to a
power source or separate computer.

171. The method of claim 155, wherein the SONAR indicates the separation between the
feet.

172. The method of claim 155, wherein there are SONAR sensors on each footwear unit and
the measure of the leg separation is indicated by processing signals from the SONAR sensors by
taking the minimum physical separation between the near-most obstacle detected by each
SONAR sensor as an indication of the leg separation.

173. The method of claim 155, wherein the kinematics of gait of the subject include stride
length.

174. The method of claim 155, wherein the kinematics of gait of the subject include foot
trajectory.

175. The method of claim 155, wherein the kinematics of gait of the subject include ankle
range of motion.

176. The method of claim 155, wherein the kinematics of gait of the subject include ankle
plantar/dorsiflection range of motion and instantancous ankle angle relative to a reference
direction.

177. The method of claim 155, wherein the generating feedback signals includes generating
sounds responsive to a selectable command identifying a surface type and responsive to
instantaneous signals from the FRSs.

178. The method of claim 155, wherein the footwear unit further includes a further inertial
Sensor.

179. The method of claim 155, wherein the footwear unit includes at least 3 FRS sensors.

180. The method of claim 155, wherein the footwear unit includes at least 5 FRS sensors.

181. The method of claim 155 including the limitations of each possible combination of its
dependent claims listed thereafter and not otherwise listed as a separate claim depending from

claim 155.
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