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(57) Abstract: Systems and methods are provided for
controlling a lower limb device having at least one pow-
ered joint. The method includes detecting a stumble event
based on one or more sensor signals associated with an
overall motion lower limb device, classitying the stumble
event based on sensor signals following the sensor signals
associated with the stumble event, and selecting a stumble
recovery strategy for the lower limb device based on the
classification of the stumble event.
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SYSTEMS AND CONTROL METBODOLOGIES FOR IMPROVING
STABILITY IN POWERED LOWER LIMB DEVICES

CROSS REFERENCE TO RELATED APPLICATIONS

{6001} This application claims the benefit of Provisional Application Senal
No. 61/258,079, entitled “PROSTHETIC LEG INCLUDING A CONTROL
SYSTEM?”, filed November 4, 2009, which is herein incorporated by reference in its

entirety.
FIELD OF THE INVENTION

{0062] The invention relates to powered lower Hnb devices and control
systems and methodologies for conirolling the powered lower limb devices to

improve stability during standing or walking,
BACKGROUND

{3883] Leg prostheses can provide an astificial ankle, and artificial knee, or
both an artificial ankle and an artificial kuee. A transfemoral prosthesis s a
prosthesis designed for above the knee araputees. Transfercoral prostheses are
generally more complicated than transtibial prostheses, as they must include a knee
joint. Such leg prostheses have been used successtully to restore mobility and
treedom of many lower leg amputees.  However, various issues still plague existing
leg prostheses.  Oue significant issue with existing leg prostheses is falls and fear of
talling among lower limb amputees.  Approximately one in five lower limb amputees
have reported sustaining an injury as a result of a fall within the last year, with about

half of these lower limb amputees reporting that they have requited medical atfention,

{3084} Lower limb amputee falls are typically the result of the mability of
state-of-the-art passive prostheses to provide proper jomt kingtics and kinematics
{particularly in conditions of uneven terrain). These limitations can severely
coraproruse the standing and walking stability of the lower Hrob amputee
(particularly of the transfemoral amputee), and thus increase the likelihood of a

stumble or fail.  Further, i the case of stumbling, these prostheses largely lack the
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ability to appropriately react (i.¢e., provide a recovery response}, thus significantly

inereasing the hielihood that a stumble will result n a fall
SUMMARY

{B005] Embodiments of the invention provide systems and methods for
controlling powered lower Himb devices to improve stability duting standing or
walking. In a first cmbodiment of the invention, a method of controlling a lower Himb
device, having at least a powered joint is provided. The method includes the step of
detecting a stumble event based on one or more sensor signals associated with the
motion of the lower imb device. The methed also inchudes the step of classifying the
stumble event based the sensor signals following the stumble event. The method
further includes the step of selecting a stumble recovery strategy for the lower limb

device based on the classification of the sturable event.

{00086] In a second embodiment of the invention, a control system for a lower
limb device having at least one powered joint is provided. The control system
includes a plurality of sensors for generating ove or more sensor signals associated
with at lcast an overall motion of the lower himb device. The control system further
includes at least one processor coupled to the plurality of sensors and for generating
one or more control signals for the lower limb device. Additionally, the control
system also tnclades a first module for causing the processor to detect a stumble event
based on the sensor signals and a second module for causing the processor to classify
the stumble event based on a second portion of the sensor signals following a first
portion of the sensor signals associated with the stumble event, Further, the control
system also mncludes a third module for causig the processor to select a stumble
recovery stratogy for the lower limb device based on the classification of the stumble
event and a fourth module for causing the processor to generate the control signals

according {o the selected stumble recovery strategy.

{0871 In a thivd embodiment of the mvention, a method of controlling a
lower Himb device coupled to a thigh and having at lcast a log portion | a foot portion,
a powered knee joint, and a powered ankle joint is provided. The method includes
detecting an initial contact of the foot portion with a walking surface based ona

plurality of load sensors disposed along a length of the plantar surface of the foot

|3V
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portion. The method further includes lowering an impedance of the ankde joint until
contact of a substantial portion of the plantar surface and the walking surface s
detected based on the plurality of load sensors. Additionally, the method mcludes
computing a slope of the walking surface based on a plurality of sensors disposed in
the foot portion or the leg portion, and configuring the ankle joint to provide
dorsiflexion or plantarflexion of the foot with respect to an equilibrium configuration
tor the foot and restoring the impedance of the ankde joint until separation of the foot
from the walking surface, wherein an amount of dorsiflexion or plantarflexion is

based on the computed slope.
BRIEF DESCRIPTION OF THE DRAWINGS

{3008} FIG. 1A s a side view of powered knee and ankle prosthesis,

according to another embodiment of the mvention.

{3669] FIG. 1B is a front view of powered knee and ankle prosthesis of FIG.
1A,
{6018} FIG. 2A and 2B show perspective and bottom views of an exemplary

sagitial moment load cell suitable for use in the various embodiments of the invention.

10011} FIG. 3 shows the joint angle and torque convention used herein.

Positive torque is defined m the direction of mcreasimg angle,

10812} FIG. 4 15 a control state chart for the three activity modes
corresponding to walking, standing, and sitting, and for the internal phases and their

corresponding transitions within each activity mode.

D013} F1Gs, 5A and 5B show the power spectrum versus time for a sagittal
plane compongnt of a shank acceleration during a fypical (non-stumble) swing phase

and for a swing phase in which a stumble event occurred, respectively.

{0814} FIG. 6 shows the y-direction (1.e., transverse) component of the thigh

segment acceleration for the 50 msec following various stumble events.

{0015] FIG. 7 shows that the root-mean-squate of y-direction component of

aceeleration for the 50 msec following the various stumble events of FIG. 6.

Lo
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16} FIG. 8 shows exemplary switching rules between internal phases for
walking for the walking portion of the exemplary control system of FIG. 4 adapted o

mclude a stumble response m accordance with an embodiment of the mvention.

{0017} FIGs, 9A-9C depicts a transfemoral amputee subject, wearing a state-
of-the-art passive prosthesis (i.¢., an Otto Bock C-leg with a Freedom Renegade

ankle/foot), for various slopes.

{0018] FIG. 10 shows real-time ground slope estimation obtained from a
transfemoral amputee standing on various ramps of various slopes (+5, 10, -10, and -

3

{01 9] FiG. 11 shows the ankle torque versus ankle angle during quist
standing for each of the ground slopes in FIG. 10 for a powered prosthests configured

i1 accordance with an embodiment of the invention,

{66281 FiGs, 12A-12F depicts a transfornoral amputee subject, wearing a
powered prosthesis in accordance with an embodiment of the invention for cach of the

ground slopes i FIG. 10,

{6021} FIG. 13 is a plot of the ratio of prosthetic/sound leg weight bearing for
a passive prosthesis, as described above, and a powered prosthesis configured n

accordance with an embodirent of the fovention for five ground slopes in FIG. 10
DETAILED DESCRIPTION

10822} The invention is described with reference to the attached figures,
wherein like reference numerals are used throughout the figures to designate similar
or equivalent eleruents,  The figures are not drawn to scale and they are provided
raerely to tlustrate the instant invention,  Several aspects of the mvention are
described below with reference to example applications for iHustration, [t should be
understood that numerous specitic details, relationships, and methods are set torth to
provide a full understanding of the mvention.  One having ordinary skill in the
relovant art, however, will readily recognize that the invention can be practiced
without one of more of the specific details or with other methods. In other instances,

well-known stractures or operations are not shown in detai to avoid obscuring the
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invention. The invention is not Hmited by the dlustrated ordering of acts or events, as
some acts may oceur m different orders and/or concurrently with other acts or events.
Furthermore, not all Hlustrated acts or events are required to implement a

methodology in accordance with the invention.

{0023} The present mvention applics fo lower limb devices, such as prostheses
and orthoses (or exoskeletons) with at least one powered joint, for which the physical
behavior of the joint can be electronically controlled, The present mventors have
observed that recent advances in robotics technology have enabled the development
of powered lower limb prostheses, which have the capabiiity of offering
biomechanically useful levels of jomt torgue and power. Along with effective intent
recognition and countrol, such powered transfemoral and transtibial prostheses can
provide enhanced mobility relative to state-of-the-art passive prostheses. As used
herein, the term “passive prosthesis” refers to any prosthesis without the ability to
deliver net mechanical power output at the jomts, In addition to enhancements in
mobility, powered prosthesis additionally have the capability to provide aciive
stumble recovery behaviors, in addition to actively and reflexively adapting to various
perturbations in ground topography (e.g., uneven ground) and disturbances in
standing stability {e.g., from being pushed unexpectedly), and therefore have the
potential to actively enhance recovery from imbalance and thus reduce the number of

falls of lower limb amputees.

{0624} Accordingly, the various embodiments of the invention provide a
control system and methodology for providing stumble recovery and balance
enhancement behaviors for enhanced standing and walking stability in lower hmb
devices with at least one powered joint.  In particular, the various embodiments of the
mvention provide a new control methodology for lower himb devices, such as
prosthetic device, orthotic device, or robotic devices, for implementing tuproved
balance control and for detecting and responding to stumble events.  In the various
embodiments of the invention, this control methodology can be combined with or
within an existing powered lower limb device control system that restores mobility
and provides greater stability for lower limb amputees as compared to conventional

passive lower limb prostheses,
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{825] Although the varicus embodiments of the invention will be generally
described with respect to prosthetic devices with powered knee and/or ankle joiuts,
this 1s solely for case of fllustration.  As described above, the control systems and
methodologies described herein are equally applicable for use with any type of lower
limb device, inchuding prosthetic, orthotic, and robotic devices. Further, the control
systems and methodologies are equally applicable to any other devices including

other types of joints.

{0026} One design for a prosthesis that can be operated according to an
embodiment of the mvention is shown in FIGs. 1A and 1B, FIG. 1A is a side view of
powered knee and ankde prosthesis 100, according to another embodiment of the
mvention,  FIG, 1B s a front view of powered knee and ankle prosthesis of FIG, 1A,
FiG. 2A and 2B show perspective and bottom views of an exemplary sagittal moment

load cell suitable for use in the various embodiments of the invention,

108271 Each joint actuation unit, such as kuee actoation unit 162 and ankle
actuation unit 104 i FIG. 1A, can melude a umiaxial load cell posttioned i series
with the actuation unit for closed loop torce control. Both the knee and ankle joints
can incorporate integrated potentiometers for joint angle position.  The ankle
actuation unit can inchude a spring 105, as described above with respect to FIGs. [A-
4, One 3-axis accelerometer can be located on the embedded system 106 and a
second one can focated below the ankle joint 108 on the ankle pivot member 110, A
strain based sagittal plane moment sensor 112, such as sensor 200 shown in FIGs. 2A
and 2B, can located between the knee joint 114 and the socket connector 116, which
measures the morment betweoen a socket and the prosthesis. In the various
embodiments of the invention, a sagittal plane moment sensor can be designed to have
a low profile in order to accommodate longer residual limbs. The sensor can
meorporaie a full bridge of semiconductor strain gages which measure the strains
generated by the sagittal plane moment. In one embodiment of the mvention, the
sagitial plane moment sensor was calibrated for a measurement range of 100 Nm. A
custom foot 118 can be designed to rocasure the ground reaction force components at
the ball 120 of the foot and heel 122, The foot can include heel and ball of foot
beams, rigidly attached to a central fixture and arranged as cantilever beams with an

arch that allows for the load to be Jocalized at the heel and ball of the foot,

[
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respectively. Each heel and ball of toot beam can also incorporate a full bridge of
semiconductor strain gages that measure the strains resulting from the respective
ground contact forces. In one embodiment of the invention, the heel and ball of foot
load scnsors were calibrated for a2 measurement range of 1000 N. In addition,
incorporating the ground reaction lead cell into the structure of a custom foot can
eliminate the added weight of a separate load cell, and also enable separate
measurement of the heel and ball of foot load. The prosthetic foot can be designed to

be housed in a soft prosthetic foot shell {not shown).

{28} Although FIGs. 1A and 1B show a transfemoral prosthesis with a
powered knee joint and ankle joint, other embodiments could include a transfemoral
prosthesis with a powered knee joint and passive ankle joint, a transfemoral prosthesis
with a passive knee joint and powered ankle joint, or a transtibial prosthesis with a

powered ankle joint.

{6029} As described above, the control systems and methodologies according
tor the various embodiments of the mvention can be combined with existing conirol
systems for lower imb devices.  For example, the various embodiments of the
invention can be used to enhance existing control frameworks for generating the
required joint torques for locomotion while ensuring stable and coordinated
interaction with the user and the environment,  This enables embodiments of the
invention to restore substantially biomechanically normal locomotion and provide a
sutficient amount of stability during standing and walking to prevent many types of

talls.

{3838] Prior fo describing the various embodiraents of the invention in detail,
it may be useful to describe operation of a lower limb control system m order to more
fully understanding how the control methodology of the present invention can be
combined with an existing control system. This will described 1o relation to FIG. 3.
FIG. 3 shows the joint angle and torque convention used herein. Positive torque is

defined in the direction of increasing angle.

{6031} In general, the torque required at cach joint of a lower limb device
during a single stride (i.e., a single period of gait) can be piecewise represented by a

series of tmpedance functions. A regression analysis of gait data indicates that joint

~3
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torques can be characterized by functions of joint angle (8} and angular velocity by an
impedance model, such as the following exemplary impedance fonction shown in

equation | below
T = k(0 ) +b%0 (1)

where the imapedance consists of a stiffness k), a damping coefficient b, and the
equilthrium joint angle 8, . These parameters are typically constants {(although they
need not be constant), and are generally gencrated ompirically for a given joint during
a given internal phase (e.g., knee, mternal Phase 3). k; characterizes the Hnear
stiffness. b is the linear damping coetficient, 8 is the measured joint angle which can
characterize the state of the prosthesis, 8, is the equilibrium angle, 6is the angular
velacity of the joint, and 1 15 the joint torque. Given these parameters, together with
instantaneous sensor measurements for & and 8, the torque (1) at the joints (knee and
ankle) can be determined.  Posifive divections of the angle (8) and torque (1) as used

herein are defined gs shown tn FIG. 3.

{0032} As described above, the decomposition of joint behavior into segments
requires the division of the gait cycle into a phurality of internal phases or “finite
states” characierized by an impedance fimction and a set of constants for the
mmpedance function, as dictated by their functions and the character of the piccowise
segments of the impedance functions described above,  The switching rules between
internal phases should generally be well defined and measurable, and the number of
phases should be sufficient to provide a substantially accurate representation of
normal joint function.  Thus, the swing and stance phase of gait can constitute a
minimal set of internal phases, as shown in FIG. 4. FIG. 4 (upper left-hand box)
shows exemplary swilching rules during the walking cycle for 5 discrete phases. As
mdicated in FiG. 4, swilching between phases can be based on the ankle angle > a
threshold value (walkimg Phase 1 to walking Phase 2), or bali of oot load (i.¢., ankle
torque} < threshold (walking Phase 2 to walking Phase 3}, the angle or torque

measurerents provided by on board sensors as described above.

{0033] Phase 0 begins after a heel strike by the user (which can be sensed by
the heel sensor}, upon which the knee immediately begins to flex so as to provide

impact absorption and begin loading, while the ankle simultaneously plantartiexes to
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reach a flat foot state. Both knee and ankle joints have relatively high stiffness (and
can be accounted for by ki in cquation 1) duning this phase to prevent buckling yet
allow for appropriate stance knee flexion, because Phase | comprises most of the
weight bearing functionality. Phase 2 is the push-off phase and begins as the ankle
dorsiflexes beyond a given angle (i.c., the user’s center of mass lies torward of stance
foot). The knee stiffness decreases in this mode to allow knee flexion while the ankle
provides a plantartlexive torque for push-off. Phase 3 begins as the foot leaves the
ground as detected by the ankle torque load cell and lasts until the knee reaches
maximuom {lexion. Phase 4 15 active during the extension of the knee joint (i.¢., as the
lower leg swings forward), which begins as the knee velocity becomes negative and
ends at Phase 0 with a heel strike (2.2, as determined by the heel force sensor). In
both of the swing phases (Phases 3 and 4}, the ankle torque can be small and can be
represented in the controller as a (relatively) weak spring regulated to a nentral

position. The knee can be primartly treated as a damper in both swing phases.

{8034} Additional controls can be provided for operating the prosthesis when
going from a sitting to a standing position or vice versa, as shown in FIG. 4 (lower-

left hand box and right hand box).

{3835] The control system described above, and others that provide similar
functionality, can be supplemented with stumble recovery and ground adaptation
behaviors. In healthy biomechanics, recovery responses provide important

mechanisms to aid in balance recovery during walking.

{3836} Tripping over an obstacle 1s recognized as one of the most common
causes of falling. Such tripping typically induces ong of two active responses ina
human. When the perturbation occurs in carly swing, humans typically demonstrate
an elevating strategy, which consists of two distinct motion objectives, characterized
by two distinet periods of motion. In the first period of motion, the hip, knee, and
ankle jomnts exhibit active flexion, which effectively clovates the foot above the
obstacle, while also carrying the foot forward in space. In the second period of
motion, the hip continues to flex, while the knee and ankle joints actively extend,
which effectively accelerates the foot forward and toward the ground. This can
alternatively be interpreted as arresting the forward angular momentum imparted to

the body by impact with the obstacle. Note that due to collision with the obstacle, the
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toot is decelerated signiticantly while the forward momentum of the body center of
mass is relatively onaftected. Maintaining stability of the wallking limit cyele
generally requires that the foot be located forward of the body COM at heel sirike.
The effect of the clevating strategy is thus to clear the obstacle and place the swing
foot at a point (in the sagittal plane) that will arrest the forward angular momentum of

the body.

{0037} When the swing leg experiences a perturbation late the swing phase,
subjects generally demonstrate g lowering strategy. This case essentially amounts to a
premature heel {or in this case foot}) strike, induced by collision with the obstacle. As
such, the swing leg knee joint extends and stiffens in a manner consistent with early
stance phase, which initiates an carly triggering of swing phase 1o the contralateral
limb, In general, the limb that steps forward fo arrest forward angular momentum of
the body is referred to as the “recovery limb.” Using this terminology, the swing leg
serves as the recovery lirab during the elevating strategy, while the stance leg serves
as the recovery limb during the lowering strategy.  Thus, tripping over an obstacle in
the absence of such stumble recovery mechanisms will lead to a fall. In particular,
since stumble recovery responses are active responses, thus requiring power from the
joinds, these recovery mechanisms cannot be reproduced by passive prostheses. The
lack of such recovery responses is a likely contributor to the increased incidence of

falls in the lower limb amputee population.

{0038] In the various emsbodiments of the mvention, the stumble recovery
process begins with detection of a stumble event, In particular, a stumble event 1s
detected via monttoring of the overall acceleration of the leg, This can be done, for
example, by measuring the acceleration of the thigh, shank, and/or foot during the
swing phase of gait. Relative to such acceleration measurements, a stumble 1s a high-
frequency event which can be quickly detected by assessing the magnitude of the
acceleration and/or the power spectrum of the sagittal plane acceleration of the

respective leg segments. This 15 illustrated in FIGs. 5A and 5B.

{0039} FIGs. 5A and 5B show an exemplary power spectrum versus time for a
sagittal planc component of a shank acceleration during a typical (non-stumble) swing
phase and for a swing phase in which a stumble event occurred, respectively. For

urposes of FIGs. 5A and 5B, a 64-sample fast Fourier transform (FFT ) using a
; k &

i
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Hamming window is computed at cach one millisecond sampling interval in order to
minimize the detection delay. Further, in order to enhance the robustness of this
detection approach, the FFT was coraputed for the two sagitial plane acceleration
components for cach of the three leg segments, and a stumble was determined to
occur when the FFT of at least four channels exceeded a predetermined threshold in
magnitude in a given 100 msec interval. This algorithm was tested for a set of
datasets, which included 19 stumbles and 33 control sirides from 10 subjects, The
algorithm correctly detected stumble (and absence of stumble) i all datasets, with an
average delay of detection of 50 msec, and a maximum delay of detection of 70 msec.
It 18 worth noting that the delay in the stumble response m healthy subjects is typically
more than 100 msec. Accordingly, the delay required by the FFT approach described

above will be well within the reaction time of healthy subjects.

16046} 1t is worth noting that the FFT approach desciibed hereinis not a
pattern classificr, and thus need not be trained. Further, unlike gencration of a
database for the fraining of various activity modes {c.g., walking and sitting},
generating a database of stumbles for a classifier (in a commercial product) would be
neither safe nor practical. Thus, the generalized approach described herein is more
robust than pattern classification methods, as it does not require training and is

applicable to all stumble circumstances.

{0641} After a stumble event is detected, the event may then be classified as
either a lowering or clevaling event. In particular, the recovery behavior i response
tor the sturable can be determined. That 15, the response above the powered joint or
the overall motion of the lower limb device can be determined in order to ascertained
how to adjust the powered joints during the response.  This determination can be
made by monitoring the acceleration or motion of one or more portions of the lower
b following the sturable event. For example, n some embodiments, the
acceleration or motion of the thigh portion of the lower limb can be directly
measured. In another embodiment, the signals from sensors in the knee, shank, ankle,
and/or foot portions of the prosthesis can be used to infer or estimate the acceleration
or motion of the thigh portion. Regardiess of the type of measurement, the
measurements can be used to extract the type of motion being used to recover from

the stumble,

il
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{8342} FIG. 6 shows the y-direction (1.¢., transverse} component of the thigh
segment acceleration for the 50 msee following a sturoble event for various subjects,
where the dark traces are the cases in which the subjects employed an elovating
strategy, and the light traces on the cases in which the subjects craployed a lowering
strategy. As can be observed from the figure, the character of the acceleration is
distinct between the elevating and lowering responses. Thus this difference can be
exploited for purposes of classification. For example, FIG. 7 shows that the root-
mean-square of this component of acceleration for the 50 msec following the stumble
evert for the sturubles shown in FIG. 6. As ¢an be seen from FIG. 7, a criteria
consisting of a simple threshold of this acceleration measurement can be used to

determine the stumble strategy for various stumbles,

{6043} The various embodiments are not Himited to the exemplary methods of
Flizs. 6 and 7. Rather, any other techniques for distinguishing bebween types of

responses can be used in the vanous embodiments of the vention without hmitation.

{06044} For example, i some embodiments of the invention, the type of event
can be estimated from a state of the lower limb device. That is, the most likely of an
elevating or a lowering strategy can be estimated based on when the stumble event
occurs during a swing. In particular, near the beginning or the end of the swing, a
lowering strategy is comunon among many users, in between, an elevating strategy is
common among these same users, Accordingly, in one configuration, the sensors in
the lower limb device can be used to detect a percentage of the swing that has been
corapleted. Thereatier, the signals from these sensors can be compared to criteria m
order to estimate the most likely recover strategy of the user. In another
configuration, the angle of one or more joints can be used to determine the state of the
lower b device. Therefore, since the lower hmb device will have difterent angles
depending on the position of the swing, the control system can use the state of the
lower Himb device to estimate position in the swing and the most likely recovery

strategy of the user.

{0045] Additionally, percentage of swing or joint angle information can be
used m other ways. For example, this information can be used to verify the selection
ot an clevating or lowering response. In another cxample, a user may employ several

different types of elevation or lowering strategies when a stumble occurs. That is,

i2
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when an clevating strategy is used in response to a stumble near the beginning of the
swing and near the end of the swing, different configurations of the lower timb device
can be used to further nutigate the occurrences of falls, Simiarly different
configurations of the lower limb device can also be used in response to 3 lower
strategy. Thus, different sub-classifications of lowering events and elevating events
can be provided in the various embodiments of the invention and appropriate recovery
strategies can be provided for cach sub-classification. These sub-classifications can
be identified in various ways. For example, in some configurations, the sub-
classification can be based on a percentage of the swing that was completed prior to
the occurrence of the stumble event, Thus for particular percentages, particular sub-
classifications can be selected and the appropriate stumble recovery strategy for the
lower limb device can be used. In other contigurations, the sub-classification can also
be based on a configuration of one or more joints at the fime the stumble event occurs,
such as the knee or ankle joint. Thus for particular angles of the joint, particular sub-
classifications can be selected and the appropriate stumble recovery strategy for the

fower Hmb device can be used.

{046} Additionally, although the various embodiments are described herein
with respect to montforing acceleration, the invention is not limited in this regard.
Rather, a combination of motion vectors, such as displacement, velocity, and
acceleration can be used to detect stumble events and determine the type of stumble
event, and force and torque rocasurements on the leg or foot can also be used to infer

the appropriate response.

{047} Once the appropriate stumble strategy of the user is identified, a
stumble response controller is required to provide the appropriate response.  H heel
and/or ball of foot load sensors detect the onset of load bearing or sensors otherwise
mdicate that the hip has essentially begum to lower the foot, as deseribed above, the
immediate response of the prosthesis is to essentially switch into an early stance
phase. That is, stiffen the knee joint to support the weight of the user and increase
daroping at the ankle joint to facilitate stable contact and conformation between the
foot and ground. Additionally, as is the case in the lowering type stumble response in
healthy individuals, the subsequent stride (with the lowered limb} can be configured
{0 exhibil an exaggerated amount of knee flexion and ankle dorsiflexion during the
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swing, in order to clear the object that presumably caused the stumble event. The
respective exaggerated motions in the two joints of the prosthesis can be generated 1n

the subsequent swing phase by aliering the appropriate equilibrivm points 1o the

coordination level controllers. This is illustrated in FIG. 8.

{6048} FIG. 8 shows exemplary switching rules between internal phases for
walking for the walking portion of the exemplary control systern of FIG. 4 adapted to
include a sturoble response in accordance with an erobodiment of the invention.
During walking the switching rules cause the prosthesis {o switch between phases,
During a stumible event, different parameters, different switching between phases, or

additional state switching can be provided to reduce the likehhood of falls,

{30491 As described above, a typical human response to a stomble generally
results in one of an clevating or lowering response. In the case of the lowermg
response, the intent is to stabilize oneself by bringing one’s foot down to the ground
as soon as possible and stiffen the knee in order to bear weight on the lowered leg.
This functionality can be provided in the walking controller of FIG. 4 without
significant changes and without the need for a separate, dedicated stumble recovery
controfler. That is, without the need to detect the occurrence of a lowering stumble
event. In the particular, the walking controller can be configured to switch the
powered prosthetic leg into an carly stance phase when premature ground contact of
the foot is detected, 1.e., transition to Phase 0. Thus, the powered prosthetic leg is
adjusted in accordance with the knee impedance parameters characteristic of early
stanice phase (i.¢., the knee will stiffen to support the weight of the user, and the ankle

will exhibit damping fo facilitate stable ground contact).

{B058] In some configurations, the walking controller can also be configured
to clear the obstacle causing the stumble during a subsequent swing of the prosthetic
leg. That is, if a prior stumble associated with a lowering strategy was detected (via
premature ground contact or measurement of acceleration), the irapedance parameters
for the leg can be adjusted, as shown in FIG. 8. During the subsequent swing, the
controller can provide an exaggerated version of the normal swing in order to clear

the obstacle. This can be implemented in a control system, as follows.
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{8511 When a stumble event occurs at any point during the swing (i.c.,
during the transition from Phase 3 to Phase 4) and a lowering strategy s utihized, the
coniroller, as described above, can immediately transition 1o the carly stance (Phase
). However, in order to provide the exageerated swing, a flag or other value in
memory {e.g., “Lowering Flag” in FIG. B} can be stored to indicate the past
occurrence of such a stumble. This flag thus causes FIG. & to transitions from the

.

middle stance (Phase 1) a lowering late stance (Phase 27} mstead of the normal late
stance. At Phase 27, the lower limb device has impedance parameters that provide an
exaggerated push-off, which in turn generales an exaggerated swing for obstacle
clearance. Because the push-off of Phase 27 provides more energy to the systom, the
impedance parameters of the swing phases do not need to be altered in order to

achieve the exaggerated swing. Thereafter, the flag s cleared or reset and the control

peted

system transitions back to the normal state progression (i.e., Phase 3). Thus during a
subscquent swing, the configuration provided at the lowering state stance allows the

lower limb device to clear the obstacle.

{B052] In the case that an clevating strategy is identified, the intent is to try to
immediately overcome the obstacle and complete the swing of the prosthetic leg. To
provide such functionality, a separate stumble recovery controller can be used in
combination with the wallang controller, That is, if a stumble is detected and is
classified as elevating, the walking controller can pass control to the stumble recovery
controller to provide an ¢levating response, as shown in FIG, 8. That 15, the stumble
recovery controller is employed to first flex the knee and dorsifiex the ankle joints (to
clear the object precipitating the stumble) at Phase 37, followed by extenston of the
knee joint {{o place the foot m front of the subject) in order to arrest the forward
angular roomentum fraparted by the stumble at Phase 4°. Such a response is
essentially an exaggerated version of the normal swing phase controfler and is thus
casily accommodated within the existing finite-state impedance control framework of
Fi(3. 4. That is, the finite state structure shown in FIG. 4 can be modified slightly as
shown in FIG, §, such that upon detection of the elevating stumble an “alternate swing
phase” loop {via phases 3" and 47} is followed until ground contact {premature or
otherwise) is detected. Thus, the difference between the two loops 18 essentially the
mpedance parameters (i.¢., joint stiffness, damping, and equilibrium point or

trajectory).

hmi
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[B053] Note that the above structure can similarly be incorporated into a
transtibial prosthesis with a powered ankle joint. Specifically, in the case of an
clevating response, the ankle jomt would provide active dorsitlexion, 1 order to help
the foot clear the obstacle. In the casc of a lowering response, the ankle would
initially provide appropriate stance behavior and then exaggerated push-off to help

clear the obstacle during the subsequent stride.

{0054] Although the various embodiments of the fnvention are mainly
described in terms of g stumble occurring with a prosthesis, the invention is not
fimited in this regard. Rather, the various embodiments are also operable to provide
stumble recovery when a user stumbles with the sound leg, However, such stumbtle
recaovery 18 provided by the normal operation of the walking controller. That is, in the
case of sound leg lowering, the forward trajectory of the center of mass (COM) of the
user will trigger {an early} swing phase for the prosthesis. Thus, the foot is litted off
the ground, causing the foot load sensors fo trigger the fransition from Phase 2 to
Phase 3. Should the foot contact the ground (i.c., prior fo Phase 4), prematurely, the
lowering response described above can be triggered and the leg can transition to an
early stance (Phase 0}, as previously deseribed. In the case of sound leg elevating,
this results in a continued load being imposed on the prosthesis. Thus, since the
fransiiion from a stance phase to a swing phase of the leg (Phase 2 to Phase 3} does
not occur until such a load is removed, the walking controlier will maintain the stance

phase, and thus a stitfenced knee joint.

{0055] In addition to stumbie recovery, a powered prosthesis can also be used
for ground adaptation. Passive prostheses gencrally cannot adapt fo uneven ground,
and theretore often do not provide stabilizing assistance while standing, and
sometimes provide destabilizing effects, as described below with respect to FIGs, 8A-

{6056} FlGs. 9A-9C depict 2 transfomoral amputece subject, wearing a state-
of-the-art passive prosthesis (i.¢., an Otto Bock C-leg with a Freedom Renegade
ankle/foot), inchuding a knee joint, for various slopes. Consider first the case of a
transfomoral amputee on level ground, as represented in FIG. 9A. In this case, the
{prosthetic) foot is flat on the ground, the ankle s stiff (by design), and the knee is

“locked” against hyperexiension stops, and thus the prosthesis possesses the siructural
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ability to transmit the stabilizing moment from the ground to the COM. In this
circumstance, the ampules can put weight on the prosthesis, and will receive
stabilizing assistance from it Consider now the case shown m FIG. 9B, in which the
amputee s standing on a downward slope. In this case, the center of pressure (COP)
lies within the foot, which lies flat on the ground, and thus a stabilizing moment (in
the form of the ankle stiffness) can be transmitted between the ground and the shank.
The bedy COM, however, lics posterior to the knee joint, and as such prosthetic kuees
are typically not capable of transmitting the stabilizing (stiffness) moment from the
shank to the thigh (since doing 5o would create complications at toe-off during
walking). Thus, n the case of standing on a downward slope, the prosthesis will offer
little stabilizing assistance to the user {(note that a small degree of assistance is

afforded dynamically through the damping characteristics of the knee).

{0057} The result 1s simlar when standing on an upward slope, as iflustrated
in FIG. 9C, although for different reasons. Specifically, in ths case, the knee 1s
hyperextended and able to transmit a stabilizing moment from the shank o the thigh,
but (due to the inability of the ankle to realign its equilibrium point}, the foot is not
flat on the ground, and thas a moment cannot be transmitted between the ground and
shauk (and thus cannot be transimitted between the ground and COM). As such, the
user derives little or no balance assistance from the prosthesis when standing on an
upward slope. Note that the fool of the prosthesis could be forced to be flat on the
ground, but (since the equilibrium point of the ankle stiftness i1s essentially at zero)

doing so will generate a destabilizing moment, thus exacerbating imbalance,

{BO58] To overcoms such standing stability issucs, enabling stabilizing
assistance from the prosthesis on ascending and descending slopes 1s a matter of 1)
wdenfifying the ground slope and appropriately shifting the equilibrium point of the
ankle torque controller {i.e., 6, in the control equation 7, = (8 —-8)+A8), and 2)
ensuring that the knee remains sufficiently stiff when load is applied to the hmb. Note
that the latter is aircady a property of the middle-level finite-state mpedance-based
standing controller shown in FIG. 4. Thus, enhanced stability for upsiope and
downslope standing 1s enabled in the powered prosthesis by estimating ground slope

and adapting the ankle equilibriurn pomnt and stiffiess appropriately.

[a—y
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{059} In the various embodiments of the invention, slope estimation is
obtained as follows. First, when the prosthesis 18 in a non-weight-bearing state {such
as during swing of the prosthesis ot a sitting activity), the ankle jomt is characterized
by a low rotational stiffness. Specifically, the rotational stiftness is sufficiently high to
prevent foot drop, but low enough that subsequently placing a significant portion of
the body weight (e.g., >10%) on the prosthesis will cause the ankle to deflect such
that the plantar side or surface of foot conforms to the slope of the ground (e, flat on

the ground).

{0681 Once the foot is flat on the ground, as determined by the heel and ball
of foot Joad sensors, a 3-axis accelerometer can be used o determine the ground
slope. Specifically, assunung the ground 1S an inertial reference frame, the only
component of acceleration once the foot is flat on the ground (assuming no slip} s the
gravitational acceleration, and as such, the relative values of the respective
coraponents measured by the 3-axis accelerometer can be used to defernune the
orientation of the gravitational vector relative to the foot, and thus the ground sfope is
known. 1t is worth noting that the amount of additional sensor hardware required for
the ground slope estimation can be minimal with respect to the total roass and power

requirements of the prosthesis.

{0061} Exenplary results of real-time ground slope estimation are shown in
FiG. 10, FIG. 10 shows real-time ground slope estimation oblained from a
transfemoral ampulee standing on various ramps of various slopes (=5, +10, -10, and -
5). To gencrate the data shown m FIG. 10, the amputes stood intially onlevel
ground and moved from one ramp to the next, while standing on cach ramp for
approximately 10 scconds. For the data shown in FIG. 10, both the sensor input and
the estimator cutput are filtered with first-order 20 Hz low-pass filters. As shown in

FIG. 10, good agreerment was obtained between actual and cstimated slope,

{0862} In some ermbodiments of the invention, the rotational stiffness ot the
knee can also be adjusted. First, when the prosthesis is in a non-weight-bearing state
{such as during swing of the prosthesis or a sitting activity), the knee joint is also
characterized by a lower rotational stiffness to allow the kuee jomt to deflect during a

swing phase. Thereafior, once the foot makes mitial contact with the ground, a high
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rotational stiffness can be provided as the anlde joint deflects and the prosthesis

begins to bear the weight of the amputee

{5063} F1G. 1 shows an X-Y plot of measured ankle joint torque versus angle
for varying ground slopes, showing the ability of the ankle to adapt to and provide
stabilizing assistance in each ground slope scenarto in FIG. 10, Specifically, FIG. 11
shows the ankle torque versus ankle angle during quiet standing for each of the
ground slopes, along with a least-squares fit to the data corresponding to each ground
slope, demonstrating the ability of the powered prosthesis to adapt its behavior to
cach, thus enabling stabilizing assistance across all ground slopes. A passive
prosthesis would i all ground slope scenarios maintain the behavior exhibited in the
center set of data, which (assuming the foot remained flat on the ground) would at
torsional equilibrium locate the center of pressure behind the user’s feet on the
downslope, and in front of the user on the upslope (and thus would be a destabilizing
influence m all cases).  As further demonstrated by the data m FIG. 1L the powered
prosthesis appropriately shifis its ankle equilibrium such that the energetic mininum
of the (ankle) potential field acts to maintain the body COM over the feet, and thus
provides stabilizing assistance to the user, as shown in FIGs. 12A-128. FIGs. 12A-

1 2E depict a transfemoral amputee subject, wearing a powered prosthesis in
accordance with an embodiment of the invention for cach of the ground slopes in FIG,

10.

{3064] The configuration described above addittonally results in fmproved
load bearing over conventional passive prostheses. The distrtbution of load bearing
for all ground slope scenarios for both prostheses {i.c., the scenarios depicted by FiGs.
12A-12E) is shown in FIG. 13.

[B065] FIG. 13 15 a plot of the ratio of prosthetic/sound leg weight bearing for
a passive prosthesis, as described above, and a powered prosthesis configured in
accordance with an cmbodiment of the invention for five ground slopes. As shown in
FIG. 13, the powered prosthesis maintains a roughly constant ratio near 40% {i.e.,
60% of load on sound side, 40% on prosthesis), while the passive prosthesis varies
between approximately 15% {on the 10 degree downslope) and 35% (on level

ground). As indicated by the data in FIG. 13, the powered prosthesis is able to sustain
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a significantly increased load, and thus is betier able to provide stabilizing assistance

in when standing, particalarly i the frontal plane.

{1066} In some embodiments of the invention, for the frontal plane uneven
ferrain circumstance, the powered prosthesis can be configured for detecting ground
contact (using a similar approach to that described for ground slope estimation), and
“stitfening” the knee and ankle joints about the respective joint angles in the ground
contact configuration (in a similar manmer to the ankle adjustment previously
described), thus cnabling load improved transimission through the prosthesis, and thus

providing for stabilizing assistance in both the sagiital and the frontal planes.

{B067] Although the ground slope adaptation techniques described herein
eftectively provide for improved transmission of forces and moments between the
ground and body COM during standing, these techniques can also be used to similarly
provide for improved transmission force and moment during the stance phase of gait.
As such, the previously described ground slope estimation approach can also be used
to adjust the impedance parameters of the walking controller to acconmumodate uncven
terrain during walking. Thus, the stability of both standing and walking (especially in
cases of uneven terrain} can be provided in the various embodiments of the invention,

leading to a decrease the incidence of stumbling i transfemoral amputee gait,

{3068] While various embodiments of the jnvention have been described
above, it should be understood that they have been presented by way of example only,
and not limitation. Numerous changes to the disclosed embodiments can be made in
accordance with the disclosure herein without departing from the spirii or scope of the
invention. Thus, the breadth and scope of the nvention should not be limited by any
of the above described embodiments,  Rather, the scope of the invention should be

defined in accordance with the following claims and their equivalents.
pod

{3369} Applicants present cortain theoretical aspects above that are believed to
be accurate that appear to explain observations made regarding embodiments of the
invention. However, embodiments of the invention may be practiced without the
theoretical aspects presented. Moreover, the theoretical aspects are presented with the

anderstanding that Applicants do not seek to be bound by the theory presented.
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{878] Although the invention has been lustrated and described with respect
to one or more implementations, equivalent alterations and modifications will occur to
others skilied in the art upon the reading and understanding of this specification and
the annexed drawings.  In addition, while a particular feature of the mvention may
have been disclosed with respect to only one of several implementations, such feature
may be combined with one or more other features of the other implementations as

may be desired and advantageous for any given or particular application.

{0071} The terminology used herein is for the purpose of describing particular
embodiments only and s not intended to be limitimg of the invention. As used herein,
the singular forms "a”, "an” and "the" are intended to mclude the plural forms as well,
unltess the context clearly indicates otherwise, Furthermore, to the extent that the
forms "mcluding”, "includes”, "having”, "has", "with", or variants thereof are used in
either the detatled description and/or the claims, such terms are intended to be

inclusive o a manner similar to the termo "comprising.”

{0072} Unless otherwise defined, all terms (including technical and scientific
terms} used herein have the same meaning as commonly understood by one of
ordinary skill in the art to which this invention belongs. It is further understood that
terms, such as those defined in commonly used dictionaries, should be interpreted as
having a meaning that is consistent with theit meaning in the context of the relevant
art and will not be interpreted in an idealized or overly formal sense unless expressly

so defined herein,
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CLAIMS

What is claimed is:
I A method of controlling a lower limb device having at least one powered jont,
the method comprising:

detecting a stumble event based on one or more sensor signals associated with
at least an overall motion of the lower Hmb device;

classifying the stumble event based on the sensor signals associated with the
stumable event; and

selecting a stumble recovery strategy for the lower limb device based at least

on the classification of the stumble event.

2. The method of ¢latin 1, wherein the sturable event is detected when at least

one of the sensor signals in the first portion meets a pre-defined criteria.

3. The method of claim 1, wherein the step of classifying further comprises:
estimating a type of stumble recovery behavior of at least one upper portion

based on the second portion of the sensor signals; and

selecting the classification for the stumble event based on the estimated type

of stumble recovery behavior.

4. The method of claim 3, wherein the step of estimating further a type of
stumble behavior further comprises estimating motion of the at least one upper
portion based on the second portion of the sensor signals, and wherein the step of
sclecting the classification further comprises choosing between an clevating shunble
event and a Jowering stumble event based on a comparison of the motion of the at
lcast one upper portion to one or more event criteria.

3. The method of claim 4, wherein the elevating stumble event is chosen it the
motion of the at least one upper portion is primarily olevating and mects at least one

of the event criteria associated with the elevating stumble event.
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6. The method of claim 4, wherein the lowering stumble event is chosen i the
motion of the at least one upper portion is privarily lowering and meets at least one of

the event criferia associated with the lowering stumble event.

7. The method of claim 1, whercin the step of selecting a stumble recovery
strategy further comprises configuring the lower limb device to operate according to

one of an clevating response and a lowering response .

8. The method of claim 7, wherein the lower Himb device comprises & foot
portion comprising one or more load sensors, and wherein the lowering response 18

selected when one or more signals from the load sensors meets a pre-defined criteria,

9. The method of claim 7, wherein the at least one powered joint comprises a
powered knee joint, and wheremn the step of configuring the lower limb device to
operate according to the lowering response comprises configuring the knee joint to

cause extension of the lower hmb device relative o the knee joint.

10, The method of claim 9, whergin the lowered limb device further comprises a
foot portion and the at least one powered joint further comprises a powered ankle
joint, and wherein the step of configuring the lower limb device to operate according
to the lowering response further comprises:

reducing an impedance of the ankle joint until a plantar surface of the foot
portion conforms to a walking surface; and

increasing the mpedance of the ankle joint after the plantar surface of the foot

portion conforms fo the walking surtface.

11, The method of claim 7, wherein the powered joint cormprises a powered knee
joint, and wherein the step of configuring the lower Timb device to operate according
to the elevating response comprises:

detecting a start of the elevating response of the lower imb device based on
the sensor signals;

responsive to detection of the start of the clevating response, configuring the
knee joint to mitially cause flexion and subsequently extension of the lower limb
device relative to the knee joint; and
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detecting an end of a swing of the thigh and the lower limb device based on
the sensor signals; and
responsive to detection of the end of the swing, configuring the kuec joint {o

support the weight of the user.

12, The method of claim 11, wherein the powered joint further comprises a
powered ankle joint, and wherein the elevating response further comprises

dorsitiexion of the ankle joint.

13, The method of claim 1, wherein the step of classitying coraprises estimating a
type of sturnble event based at least on a percentage of a swing phase completed at a

itme of the stumble event.

14, The method of claim 1, wherein the step of classifying comprises estimating a
type of stumble event based at least on an angle of the powered joint at a time of the

stumble event,

15, A conmtrol system for a lower limb device having at least one powered joint,
the control system comprising:

a plurahity of sensors for generating one or more sensor signals associated with
at {east an overall motion of the lower hmb device;

at least one processor coupled to the plurality of sensors and for generating
one or more control signals for the lower limb device;

a first module for causing the processor to detect a stumble event based on the
sensor signals;

a second module for causing the processor to classify the stumble event based
on sensor signals;

a third module for causing the processor to select a stumble recovery strategy
tor the lower limb device based on the classification of the stamble event; and

a tourth module for causing the processor to generale the control signals

according to the selected stumble recovery siralegy.
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16.  The system of claim 15, wherein the first module causes the processor to
detect the stumble event when at least a first portion of the sensor signals meets a pre-

detined criteria,

17.  The system of claim 16, wherein the second module further causes the
processor Lo estimate a type of stumble recovery behavior based on a second portion
ot the sensor signals following the first portion, and sclect the classification for the

stumble event based on the estimaled type of stumble recovery behavior.

18, The systern of claim 17, wherein the second module causes the processor to
estimate the type of stumble behavior by to choosing between an elevating stumble
event and a lowering stumble event based on a comparison of to the second portion

One of more event crifernia.

19, The system of claim 18, wherein the elevating stumble event is chosen if the
motion of the at least one upper portion is primarily elevating and meets at least one

of the cvent criteria associated with the elevating stumble event.

20, The system of claim 18, wherein the lowering stumble event is chosen if the
motion of the at least one upper portion 1s primantly lowering and meets at least one of

the event criterta associated with the lowering stumble event,

21, The system of claim 15, wherein the third module causes the processor to
select a stumble recovery strategy that configures the lower himb device to operate

according to onc of an clevating response and a lowering response.

22, The system of claim 21, wherein the phurality of sensors further comprise one
or more load sensors disposed in a foot portion of the lower limb device, and wherein
the lowering response is selected when one or more signals from the load sensors

meets a pre-defined criteria,

23, The system of claim 21, wherein the at least one powered joint compriscs a
knee joint, and wherein responsive to the selection of the lowering response, the
tourth module causes the processor to configure the knee joint to cause extension of
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the lower limb device relative to the knee joint, and/or to support the weight of the

UsCT,

24, The system of claim 21, wherein the lower imb device comprises a foot
portion and the at least one powered joint further comprises an ankle joint, and
wherein the fourth module further causes the processor to:

reduce an impedance of the ankle joint until a plantar surface of the foot
portion contorms to a walking surface; and

increase the impedance of the ankle joint after the plantar surface of the foot

portion conforms {o the walking surface.

25, The system of claim 24, wherein the fourth module farther causes the
processor to change the impedance by estimating a slope of the walking surface and

shifting an equilibrium point of ankle joint based on the slope.

26, Thesystem of claim 21, wherein responsive to the selection of the clevating
respouse, the fourth module causes the processor to:

detect a start of an overall elevation of the lower limb device based on the
sensor signals;

responsive to detection of the start of elevation, configure the control signals
to tivst cause flexion of the lower limb device relative to the knee joint, and
subsequently cause extension of the lower limb device relative to the knee joint; and

detect an end of a swing of the thigh and the lower himb device based on the
sensor signals; and

responsive to detection of the end of the swing, configure the control signals to

cause the lower limb device to support the weight of the user relative to the knee joint.

27, The method of claim 26, wherein the af least one powered joint corprises a

powered ankle joint, and wherein the fourth module further causes the processor t0:
responsive to detection of the start of elevation, configuring to control signals

{0 provide an amount of flexion of the ankle joint greater than a normal amount of

flexion of the ankle jomt for the swing,
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28, A method of controlling a lower limb device having a powered ankle joint and
a foot portion, the method comprising:

detecting an initial contact of the foot portion with a walking surface based on
a plurality of load sensors disposed along a length of the plantar surface of the foot
portion;

lowering an inapedance of the ankle joint unti] contact of a substantial portion
ot the plantar surface and the walking surface is detected based on the plurality of
load sensors;

computing a slope of the walking surface based on a pluralily ot inertial
sensors disposed m the foot portion or the leg portion; and

configuring the ankle joint to allow dorsiflexion or plantarflexion of the foot
with respect to an equilibrium configuration for the foot and restoring the impedance
of the ankle joint until separation of the foot from the walking surface, wherein an

amount of dorsiflexion or plantarfiexion is based on the computed slope.

29, The method of claim 28, wherein the lower limb device firther comprises a
powered kuee joint, and wherein the step of lowering the impedance of the ankle joint
further comprises lowering an impedance of the knee joint responsive to the detection
of the contact of the substantial portion of the plantar surface and the walking surface,
and restoring the impedance of the knee joint conternporaneously with the restoring
the impedance of the ankle joint,

30, The method of claim 28, wherein lowering the impedance of the ankle joint
comprises lowering a stiffness of the ankle joint and lowering a damping cocfficient

for the ankle joint.
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