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(57) Abréegée/Abstract:

Systems and methods are provided for controlling a lower limb device having at least one powered joint. The method includes
detecting a stumble event based on one or more sensor signals associated with an overall motion lower limb device, classifying 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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(57) Abstract: Systems and methods are provided for con-
trolling a lower limb device having at least one powered
joint. The method includes detecting a stumble event based
on one or more sensor signals associated with an overall
motion lower limb device, classifying the stumble event
based on sensor signals following the sensor signals associ-
ated with the stumble event, and selecting a stumble recov-
ery strategy for the lower limb device based on the classifi-
cation of the stumble event.
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SYSTEMS AND CONTROL METHODOILOGIES FOR IMPROVING
STABILITY IN POWERED LOWER LIMB DEVICES

10001)
FIELD ON THE INVENTION

10002 The invention relates to powered lower hmb devices and control systems
and methodologies for controlling the powered lower limb devices to improve

stability during standing or walking.
BACKGROUND

10003} |.cg prostheses can provide an artificial ankle, artificial knee, or both an
artificial ankle and an artificial knce. A transtemoral prosthesis 1s a prosthesis
designed for above the knee amputees. Transtemoral prostheses are gencrally more
complicated than transtibial prostheses, as they must includc a knee joint. Such leg
prostheses have been used successtully to restore mobility and freedom of many
lower leg amputees. However, vartous issues still plague existing leg prostheses. One
significant tssue with existing leg prostheses s fatls and fear of falling among lower
limb amputees. Approximately one in five lower limb amputecs 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 required medical attention.

10004} l.ower limb amputce falls arc typically the result of the nability of state-
of-the-art passive prostheses to provide proper joint kinetics and kinematics
(particularly in conditions of uneven terrain). These limitations can severely
compromis¢ the standing and walking stability of the lower [imb amputee
(particularly of the transfemoral amputee), and thus increase the likelithood of a

stumble or fall. Further, in the case of stumbling, these prostheses largely lack the
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ability to appropriately react (1.¢., provide a recovery response), thus significantly

mereasing the hkelihood that a stumble will result 1 a fall.
SUMMARY

LN Embodiments of the mvention provide systems and methods for
controlimg powered lower lunb devices to improve stability during standing or
walking. In a first embodiment of the mnvention, a method of controliing a lower himb
device, having at ieast a powered joint is provided. The method ncludes the siep of
detecting a stumibie ¢vent based on one or more sensor signals associated with the
motion of the lower limb device. The method also inchudes the step of classifving 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 lnb

device based on the classification of the shumble event.

LY in a second embodiment of the mvention, a condrol system for a iower
b device having at least one powered joint 1s provided. The control system
mcludes a plurality of sensors for generating one or more sensor signals associated
with af least an overall motion of the lower himb device, The control system further
mchudes at feast one processor coupled to the phlurality of sensors and for generating
one or more control signals for the iower limb device, Additionally, the control
sysiem aiso includes 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 g first
portion of the sensor stenals associated with the stumbie event, Further, the control
svstem also inchudes a third moduie for causing the processor o select a stumbile
recovery strategy for the lower limb device based on the classification of the stumbie
event and a fourth module for causing the processor 10 gencrate the control signals

according 1o the selected stumble recovery strategy.

L in a third embodiment of the mvention, a method of controlling a
lower limb device coupled to a thigh and having at least a leg portion | a foot portion,
a powered knce joint, and a powered ankie joint 1s provided. The method mcludes
detecting an mutial contact of the foot portion with a walking surface based on a

phirality of load sensors disposed along 4 length of the plantar surface of the foot

b J
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portion. The method hurther mchades lowering an impedance of the ankde joimnt until
contact of a substaniial portion of the plantar surface and the walkmg surface 1s
detected based on the plurality of load sensors. Additionally, the method mcludes
computing a siope ot the walking surface based on a plurality of sensors disposed m
the foot portion or the leg portion, and configuring the ankle joint to provide
dorsiflexion or plantarflexion of the foot with respect to an equilibriurn configuration
for the foot and restoring the impedance of the ankde joimnt until separation of the foot

~

from the walking surtace, wheretn an amount of dorstilexion or plantarfiexion s

2

based on the computed slope.
BRIEF DESCRIPTION OF THE DRAWINGS

{HHOY] FIG, FA 18 a side view of powered knee and ankle prosthesis,

according to another embodiment of the mvention.

OO0 FIG. 1B 1s a front view of powered knee and ankle prosthesis of FIG.
1A
{0810] FIG. 2A and 2B show perspective and botiom views of an exemplary

sagitial moment load cell suitable for use m the vanous embodiments of the mvention.

{0011} FIG. 3 shows the jomt angle and torgue convention used herem,

Positive torgue is defined m the direction of mcreasing angle,

{0121 FIG. 4 15 a control state chart for the throe activity modes
corresponding to walking, standing, and sitting, and for the mternal phases and theu

corresponding transifions within each activity mode,

{813 FIGs, SA and 3B show the power spectrum versus iume for 4 sagitial
plang component of a shank acceleration during a typical {non-stumble) swing phase

and for a swing phase m which a stumbie event occurred, respeciively,

{0014} FI1G. 6 shows the y-direction (1.¢., fransverse) 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

acceieration for the 50 msec following the various stumble evenis ot FI1G. 6.

SUBSTITUTE SHEET (RULE 26)
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HUITY FI1G. 8 shows exemplary switching rules between internal phases for
watking tor the walking portion of the exemplary control system of FI(. 4 adapted to

mchude a stumble response mn accordance with an embodiment of the mvention,

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

ankie/toot), for various slopes.

{301 8] FIG. 10 shows real-time ground slope estimation obtained from a
transfemoral amputee standing on various tamps of various slopes (=3, +10, -10, and -

3.

{0819 Fi(. 11 shows the ankle torque versus ankie angle during quiet
standing for each of the ground slopes m FIG. 10 for a powered prosthests configured

i accordance with an embodiment of the mvention

{O0281 FIGs. 12A-12F depicts a franstemoral amputce subject, wearng a
powered prosthesis in accordance with an embodimont of the imvention ior cach of the

eround slopes i FIG, 10,

{0021} FIG. 13 1s a plot of the ratio of prosthetic/sound leg weight bearing for
a passtve prosthesis, as described above, and a powered prosthesis configured

accordance with an erabodiment of the mvention for five ground slopes m F1G, 10,
DETAILED DESCRIPTION

{00221 The mvention 1s descnibed with reference to the attached figures,
wherem like reference numerals are used throughout the figures to designate sumular
or equtvalent elements.  The figures are not drawn to scale and they are provided
merely (o tlustrafe the mstant mvention.  Several aspects of the imvention are
described below with refercnce to example applications for tustration. ! should be
understood that numerous specific details, relationships, and methods are set forth to
provide a full understanding of the invention. Oune baving ordinary skill 1o the
reiovant art, however, will readily recognize that the mvention can be practiced
without one or more of the specific details or with other methods.  In other instances,

well-known structures or operations are not shown i detas] to avowd obscuring the
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imvention. The invention is not hmited by the lhustrated orderimg of acts or events, as
some acts may occur m diderent orders and/or concurrently with other acts or events.
Furthermore, not all tlustrated acts or events are required to mmplement a

methodology mn accordance with the mvention.

{0023] The present invention applics to lower lumb devices, such as prostheses
and orthoses {or exoskeletons) with at least one powered jomnt, tor which the physical
behavior of the jomt can be electronically controlied, The present mventors have
obscrved that recent advances m robotics technology have enabied the development
of powered lower limb prostheses, which have the capabiity of offering
biomechamcally usehul levels of jomt torgue and power. Along with ettective mient
recognition and control, such powered transiemoral and transtibial prostheses can
provide enhanced mobility relative to state-ot-the-art passive prostheses. As used
heren, the term “passive prosthesis” refers to any prosthesis without the ability o
deliver net mechanical power output at the jomis. In addition to enhanceraents in
mobility, powered prosthesis additionally have the capability o provide aetive
stumble recovery behaviors, m addition 10 actively and refiexively adapiing to various
perturbations in ground topography (e.g., uneven ground) and disturbances n
standing stabiiity {¢.g., from being pushed unexpectedly ), and thercfore have the
potential to actively enhance recovery from imbalance and thus reduce the number of

falls of lower limb ampuices.

{0024} Accordingly, the various embodiments of the tnvention provide a
comtrol system and methodology for providing stumble recovery and balance
erthancement behaviors for enhanced standing and walking stabtlity in lower mb
devices with at least one powered jomt.  In particular, the various embodiments of the
mvention provide a new control methodology for lower himb devices, such as
prosthetic device, orthotic device, or robohic devices, tor aplementing tmproved
balance control and for detecting and responding to stumble events.  In the various
embodiments of the mvention, this control methodology can be combined with or
withun an existing powered fower limb device control system that restores mobility
and provides greater stability for lower imb amputees as compared 1o conventional

passive lower mb prostheses.
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{25 Although the various embodiments of the mvention will be generally

described with respect to prosthetic devices with powered knee and/or ankle jomts,
this 1s solely for case of illustration.  As described above, the confrol systems and
methodologies described herein are equally applicable tor use with any type of lower
limb device, including prosthetic, orthotic, and robotic devices. Further, the control
systems and methodologies are equally applicable to any other devices mmcluding

other fypes of joints.

{026 One design for a prostiesis that can be operated according {0 an
embodiment of the mvention 1s shown in FIGS. 1A and 1B, FIG. 1A 15 a side view of
powered knee and ankie prosthesis 100, according to another embodiment of the
myvention. F1G. 1B 18 a front view of powered knec and ankle prosthesis of FIG, A,
FIG. 2A and 2B show perspective and bottom views of an exemplary sagittal moment

load cell suitable tor use m the various embodiments of the invention.

108271 Fach yomt actuation unit, such as knee actuation ynit 102 and ankle
actuabion unmit 104 m FIG. 1A, can melude a upmiaxaal load cell posttioned m series
with the actuaiion unit for closed loop force control. Both the knee and ankle jomnts
can mncorporate miegrated potentiometers {or joint angle position.  The ankle
actuation urit can imchide a spring 1035, as described above with respect to FIGs. FA-
4, One 3-axys accelerometer can be located on the embedded system 106 and a
second one can iocaicd below the ankle jomt 108 on the ankle pivot member 110, A
strain based sagittal plane moment senser 112, such as sensor 200 shown mn FIGS. 2ZA
and 28, can located between the knee joimnt 114 and the socket connector 116, which
measures the moment between 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 m order (o accommodate longer residual limbs, The sensor can
meorporaie a full bridge of semiconductor strain gages which measure the sirains
ecnerated by the sagitial plane moment. In one embodiment of the mvention, the
sagitial piane moment sensor was cahibrated tor a measurement range of 100 Nm. A
custom foot 118 can be designed fo measure 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 toad to be locahzed at the heel and ball of the fool,
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respectively. Fach heel and ball of toot beam can also mcorporate a full bridge of
serniconductor stramn gages that measure the strans resulting from the respective
oround contact forces. In one cmbodunent of the ivention, the heel and ball of foot
ioad sensors were calibrated for a measurement range of 1060 N. In addition,
mcorporating the ground reaction load cell mto the structure of a custom foot can
elimunate the added weight of a separate load ¢ell, and also enable separaie
measurement of the heel and ball of foot load. The prosthetic foot can be designed (0

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

{8281 Although FIGs. 1A and 1B show a transfemoral prosthesis with a
powered koee joint and ankle yoint, other embodiments could melude & transtemoral
prosthesis with a powered knee jomt and passive ankle jomnt, a franstemoral prosthesis
with a passive knee joint and powered ankle joint, or a transtibial prosthesis with a

powered ankle joint

{00291 As described above, the control systems and methodologies according
{0 the vanious embodiments of the mvenfion can be combined with existing conirol
systems for lower limb devices. For example, the various embodiments of the
invention can be used to enhance existing control frameworks for generating the
required jomt torques for locomotion while ensuring stable and coordimated
micraction with the user and the environment, This enables embodiments of the
mveniion to restore substantially biomechanically normal locomotion and provide g
sutticient amount of stability during standing and walking {o prevent many types of

talls.

LR Prior to describing the various erabodiraents of the mvention o detail,
it may be useful to describe operation of a lower b control system in order to more
fully understanding how the control methodology of the present tnvention can be
combined with an existing control system. Thys will deseribed 1o relation lo FIG. 3.
FiG. 3 shows the jomt angle and torque convention used herein, Positive torque is

defined mn the direction of increasing angle.

{0031} in general, the torque required at cach joint of a lower limb device
during a single stride (i.e., a smgle period of gait} can be precewise represented by a

serics of mmpedance funcions, A regression analysis of gait data mdicates that joimt
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torques can be characterized by tunctions of joint angie (8} and angular velocity by an
impedance model, such as the followmg exemplary mapedance function shown m

cquation | below:
7= 1(8- 8 +b*6 (1)

where the impedance consisis of a stittness ky, a dampimg coefficient b, and the
equiltbrium joint angle 8. . These parameters are typically constants (although they
need not be constant), and are generally gencrated empirically for a given jound during
a given micrnal phase (e.g., knee, micrnal Phase 3}, k; characterizes the imear
stitfness. b s the lincar damping coetticient, 8 15 the measured jomnt angle which can
characterize the state of the prosthesis, 8, is the equilibrium angle, 81is the angular
velacity of the joint, and 118 the joint torque. Given these parameters, together with
instantaneous sensor measurements for 8 and 6, the torgue (1) at the joints (knee and
arikle) can be determined,  Posihive directions of the angle (8) and torgue (1) as used

heremn are defined as shown 1 FiG. 3.

8321 As described above, the decomposttion of joint behavior info segments
requires the division of the gait cycle tnto a plurality of internal phases or “tinite
states” characierized by an impedance hunclion and a set of constants for the
mmpedance funchion, as dictated by their tunctions and the character of the piccewise
segments of the impedance functions described above., The switching rules between
mternal phases should generaily be well detined and measurable, and the number of
phases should be sufficient to provide a substantially accurale 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 3 discrete phases. As
mdicated m FiG. 4, swilching between phases can be based on the ankie angle > a
threshold value (walking Phase 1 to wallang Phase 23, or bali of foot load (i1.¢., ankie
torque} < threshold (walking Phase 2 to walking Phase 3}, the angle or torque

measurements provided by on board sensors a3 described above.

{0033 Phase 0 begms atter a heel sirike by the user {which can be sensed by
the heel sensor}, upon which the knee immediately begins to tiex so as to provide

impact absorption and begin loading, while the ankle simultancously plantartiexes to
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reach a flat foot state. Both knee and ankle joinis have relatively high stifiness (and
can be accounted for by ki m equation 1} dunng this phase to prevent buckling yet
allow for appropriate stance knee tlexion, because Phase | comprises most of the
weight bearmg functionality, Phase Z 18 the push-off phasc and begins as the ankle
dorsiflexes beyond a given angle (i.¢., the user’s center of mass lies torward of stance
toot). The knee stiffness decreases in this mode to allow knee flexion while the ankle
provides a plantartiexive torque for push-oif, Phase 3 begins as the foof leaves the
oround as detecied by the ankie torque load cell and lasts uniil the knee reaches
maximuom exion. Phase 415 aclive during the extension of the knee jomt {1.¢., as the
lower leg swings forward), which begins as the knee velocity becomes negative and
ends at Phase O with a heel strike (¢.2., as determined by the heel toree sensor). In
both of the swing phases {(Phases 3 and 4}, the ankle torque can be small and can be
represented 1o the controller as a (relatively) weak spring regulated to a neutral

posttion. The knee can be primarnily ireated as a damper in both swing phases.

$334 Additional controls can be provided for operating the prosthesis when
| & |
ooing from a sitfing to a standing position or vice versa, as shown in FIG. 4 (lower-

left hand box and right hand box).

{8351 The conirol sysiem described above, and others that provide sumilar
functionality, can be supplemented with stumble recovery and ground adaptahion
behaviors, In healthy biomechanics, recovery responses provide important

mechanisms o a1d m balance recovery during walking,

tHIRTY Tripping over an obstacle 18 recognmized as one of the most common
causes of falling. Such tripping typically mduces one of two active responses m a
human, When the perturbation occurs m carly swing, humans fypically demonstrate
an clevating strategy, which consists of two distinct motlion objectives, characterized
by two distinet periods of motion. In the tirst pertod of motion, the hip, knee, and
ankie jomts cxhibit active flexion, which effectively clevales the foot above the
obstacle, while also carryimg the foot forward m space. In the second period of
motion, the hip continues to tlex, while the knee and ankle jomts actively extend,
which effectively accelerates the foot forward and toward the ground. This can
alternatively be interpreted as arresting the forward angular momentum mmparted {0

the body by mmpact with the obstacle. Note that due to coliision with the obstacle, the
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foot 1s decelerated significantly while the forward momentum of the body center of
mass is relabively unatiected. Mamtamng stabiiity of the walking limit cvele
cenerally reguires that the foot be located forward of the body COM at heel sirike.
The effect of the clevating strategy s thus 1o cicar the obstacie and place the swing
foot at a point (in the sagitial plane) that will arrest the forward angular momentum of

the body.

{037 When the swing leg experiences a perturbation late the swing phase,
subjects generally demonstrate a lowering strategy. This case essentially amounts to a
premature heel (or 1 this case foot} sirtke, mduced by collision with the obstacle. As
such, the swing lfeg knee jomt extonds and stiffens m a manner consisient with early
stance phase, which mitiates an earty friggering of swing phase 1n the contralateral
itmb. In general, the lumb that steps forward to arrest forward angular momentum of
the body is referred to as the “recovery limb.” Using this termimology, the swing leg
serves as the recovery himb durning the elevating strategy, while the slance leg serves
as the recovery limb durning the lowerning strategy.  Thus, tripping over an obstacle m
the absence of such stumble recovery mechamsms will lead to a fall. In particular,
sinice stumble recovery responses are active responses, thus requirimg power from the
joints, these recovery mechamsms cannot be reproduced by passive prostheses, The
lack of such recovery responses is a likely conirtbutor 1o the mereased incidence of

falls 1n the lower limb amputee population.

{0038 in the various embodiments of the mvention, the stumble recovery
process begins with detection of a stumble event. In particular, a stumble cvent 1s
detected via montioring of the overall accelcration of the leg. This can be done, for
example, by measuring the acceleration of the thigh, shank, and/or tool during the
swing phase of gait. Relative to such acceleration measurements, a stumble 1s 4 high-
frequency event which can be quickly defected by assessing the magnitude of the
acceicration and/or the power spectrum of the sagittal plane acceleration of the

respective ieg segments, This 1s tHhustrated m FiGs. SA and 53B.

G039 FIGs. 5A and 5B show an exemplary power spectrum versus time for a
sagittal plane component of a shank acceleration during a typical (non-stumble) swing
phase and for a swing phase m which a stumble event occurred, respectively, For

purposes of FIGs. 5A and 5B, a 64-sample fast Founer transtorm (FFT) using a

1{)
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Hamming window i1s computed at cach one muilisecond samplmg mterval in order to
mnmmize the detection delay. Further, mn order to enhance the robustuess of this
delection approach, the FFT was computed for the two sagittal plane acceleration
components for cach of the three leg secgments, and a stumble was determmed to
occur when the FFT of at least four channels exceeded a predetermined threshold m
magnitude m a given 100 msec mterval. This algonthm was iested tor a set of
datasets, which mcluded 19 stumbles and 33 control strides from 10 subjects. The
algorithm correctly detected stumble (and absence of stumbie) m ail datasets, with an
average delay of detection of 50 msee, and a maximum delay of delection of 70 msec.
It 1s worth noting that the delay in the stumble response 1 healthy subjects 18 typically
more than 100 msec. Accordingly, the delay required by the FEFT approach described

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

{3844] it1s worth noting that the FFT approach descnibed heremn s not a
pattern classifier, and thus need not be frained. Further, unlike generation of a
database tor the tratmng of various activity modes {¢.¢., walking and sitting},
senerating a database of stumbles for a classifier (in a commercial product) would be
neither sate nor practical. Thus, the generalized approach described herem s more

robust than pattern classification methods, as it does not require traitning and 18

appiicable to all stumbie circumstances.

{0041] Afier a stumble event is detected, the event may then be classified as
cither 4 lowermg or clevaling event. In particudar, the recovery behavior 1 response
to the sturable can be determined. That 1, the response above the powered joint or
the overall motion of the lower limb device can be deternuned tn order to ascertained
how {o adjust the powered joints during the response.  This determination can be
made by momitormg the acceleration or motion of one or more portions of the lower
iimb following the sturnble event. For example, m some embodiments, ihe
acceicration or motion of the thigh portion of the lower imb can be directly
measured. In another embodiment, the signals from sensors in the kaee, shank, ankle,
and/or foot portions of the prosthesis can be used to mder or estimate the acceleration
or motion of the thigh portion, Regardless of the type of measurement, the
measurements can be used to extract the tvpe of motion being used to recover from

the stumble.

i1
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HHEY F1G. 6 shows the y-direclion {(1.¢., transverse} component of the thigh

segment acceleration for the S0 msee tollowimg a stumble event for various subjects,
where the dark traces are the cases mn which the subjects emploved an elevating
strategy, and the light fraces on the cases in which the subjects employed 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 tor the 3¢ msec following the stumble
event for the stumbles shown i FIG. 6. As can be seen from FIG. 7, a criferia
consisting of a simple threshold of this aceeleration measurement can be used 1o

determine the stumblio strategy for vartous stumbies.

100431 The various embodiments are not limited to the exemplary methods of
Fi(zs, 6 and 7. Rather, any other techmques for distingnshing between types of

responses can be used m the vanous embodiments of the invention without lmitation.

{044 For example, m some embodiments of the mvention, the type of event
can be estimated from a state of the lower limb device. That 1s, the most likely of an
clevating or a lowerning strategy can be estimated based on when the stumble event
occurs during a swing. In particular, near the beginnung or the end of the swing, a
lowering strategy 18 commmon among many users, In belween, an clevating strategy s
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. Thereaticr, the signals from these sensors can be compared to ¢riferia n
order 1o estimate the most likely recover strategy of the user. In anather
contfiguration, the angle of one or more jomnts can be used to determinge the state of the
lower limb device. Theretore, smee the lower himb device will have difterent angles
dependmg on the position of the swing, the conirol sysiem can use the state of the
lower limb device to estumate position i the swing and the most likely recovery

strategy of the user.

{0045 Additionally, percentage of swing or joint angle ntormation can be
used m other ways. For example, this information can be used o venity the selection
of an ¢cicvatng or lowering response. In another example, a user may employ several

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

W

SUBSTITUTE SHEET (RULE 26)



CA 02780026 2012-05-03
WO 2011/096963 PCT/US2010/054655

when an clevaling sirategy is used n response to a stumble near the beginning of the
swing and near the end of the swing, ditferent conhgurations of the lower limgh device
can be used to further mutigate the occurrences of falls, Simuarly different
configurations of the lower limb device can also be used 1 response 1o a lower
strategy. Thus, different sub-classifications of lowering events and elevating events
can be provided in the vanious embodiments of the mvention and appropriate recovery
strategics can be provided for cach sub-classification. These sub-classifications can
be identified 1n various ways. For example, in some configurations, the sub-
classification can be based on a percentage of the swing that was completed prior {o
the occurrence of the stumble event, Thus tor particular percentages, particular sub-
classifications can be sclected and the appropriate stumble recovery stratepy for the
lower limb device can be used. In other configurations, the sub-classification can also
be based on a conliguration of one or more jomts at the tume the stumble event occurs,
such as the knce or ankde joint. Thus for particular angles of the jomt, particular sub-
classifications can be selected and the appropriate stumble recovery strategy for the

lower limb device can be used.

HUELY Additionally, although the various ernbodiments are described herein
with respect to monttoring acceleration, the mvention is not imited m this regard.
Rather, a combmation of motion vectors, such as dispiacement, velocity, and
acceleration can be used to detect stumble events and determung the type of stumble
event, and force and torque measurements on the leg or fool can also be used 1o mfer

the appropriate response.

847 Once the appropriate stumble strategy of the user is identified, a
stumble response controller 1s 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 cssentially begun to lower the fool, as deserbed above, the
immediate response of the prosthesis 18 to cssentially swiich mito an early stance
phase. That 15, stiffen the knee jomt (o support the weight of the user and mcrease
damping af the anikie jomd fo tacihitate stable contact and conformation between the
foot and ground. Addifionally, as 15 the case m the lowermg type stumble response n
healthy individuals, the subsequent siride (with the lowered limb} can be contigured
to exhibit an exaggerated amount of knee tlexion and ankle dorsiflexion dunng the

i3
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swing, 1n order to clear the object thal presumably caused the stumble event. The
respective exaggeraled motions i the two jomis of the prosthesis can be generated o
the subsequent swing phase by aliering the appropriaic equilibrium points 1 {he

coordination fevel controilers. This 1s tllustrated m Fi(G. R,

{0048] FI1G. 8 shows exemplary switching rules between miternal phases for
walking for the walking portion of the exemplary control systern of FIG, 4 adapted to
nclude a sturmble response m accordance with an erobodiment of the invention,
During walking the switching rules cause the prosthesis 10 switch between phases,
Durmg a stumble event, different parameters, different switching between phases, or

additional state switching can be provided 1o reduce the likehhood of falls.

LS As described above, a typical buman response 1o a stumble gencrally
results m one of an elevating or lowering response. In the case of the lowermg
response, the mntent 1s to stabilize oneselt by bringing one’s foot down to the ground
as s00m as possible and stiffen the knee m order to bear weight on the lowered leg.
This functionality can be provided n the walking controller of FIG. 4 without
significant changes and without the need {for a separate, dedicated stumble recovery
controlier. That is, without the need to delect the occurrence of a lowering stumble
event. In the particular, the walking controller can be configured 1o switch the
powered prosthenic leg mio an early sfance phase when premature ground contact of
the foot 15 detecied, i.e., transition to Phase 0. Thus, the powered prosthetic leg is
adjusted 1n accordance with the knee tmpedance parameters characteristic of garly
stanice phase (i.¢., the knee will stiften to support the weight of the user, and the ankio

wiil exhibit damping (o facitilate stable ground contact).

{iRH in somge contigurations, the walking controller can also be contigured
to clear the obstacle causing the stumbie during a subsequent swing of the prosthetic
leg. That s, i a prior stumble associated with a lowenng strategy was delected (via
premature ground contact or measurement of acceleration), the impedance parameters
for the leg can be adjusted, as shown in FIG. 8. Durmg the subsequent swing, the
controller can provide an exaggerated version of the normal swing m order to ¢lear

the obstacle. This can be troplemented in a control system, as follows.
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{851 | When a stumble event occurs al any point during the swing {1.¢.,
during the transition from Phase 3 1o Phase 4) and a lowering strategy s utihized, the
controller, as described above, can immediately transition to the carly stance (Phase
(). However, m order {o provide the cxaggerated swing, a flag or other value in
memory {¢.g., “Lowenng Flag™ m FIG. 8} can be stored o indicate the past
occurrence of such a stumble. Thas {lag thus causes FIG. & to transitions from the

5

muddie 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 m lumn gencrates an exaggeraled swing tor obstacle
clearance. Because the push-off of Phase 27 provides more encrgy to the sysiom, the
impedance parameters of the swing phases do not need to be aliered m order to
achieve the exaggerated swing. Thercatter, the flag is cleared or reset and the control
svstem transitions back to the normal state progression {1.¢., Phase 3). Thus during a
subsequent swing, the configuration provided at the lowermg state stance allows the

lower himb device to clear the obstacle.

{HO52 | In the case that an clevaling strategy is identified, the mntent 18 to try ©
immedialely overcome the obstacle and complete the swing of the prosthetic leg. To
provide such funchionalily, a separate stumble recovery controller can be used m
combination with the wallang controller. That 1s, if a stumble 1s detecied and 1s
classified as elevating, the walking coniroller can pass control to the stumble recovery
comtrolier to provide an elevating response, as shown 1 FIG. 8. That 1s, the stumbie
recovery cantrolier 1s employed to first flex the knee and dorsitlex the ankle joints (io
clear the object precipilating the stumbie} at Phase 37, tollowed by extension of the
knee joint (1o place the toot m front of the subiect) m order to arrest the forward
anguiar momentum irnparted by the stumblie at Phase 4°. Such a response is
cssentially an exaggerated version of the normal swing phase controlicr and s thus
easity accommodated within the existing fintte-state impedance control framework of
Fi(y. 4. That is, the finite state structure shown 1 FIG. 4 can be moditied slightly as
shown 1 FIG, §, such that upon detection of the elevating stumble an “alternate swing
phase” loop {via phases 37 and 47} 15 followed untd ground contact {premature or
otherwise) is detected. Thus, the ditference between the two loops 15 essentially the
impedance parametfers (1.¢., jomt stiftness, dampmg, and equibibrium pomt or

trajectory .
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{53 Note that the above structure can stmlarly be mcorporated o a
transtibial prosthesis with a powered ankle jomnt. Specitically, in the case of an
clevatmg response, the ankle jomnt would provide active dorsitiexion, 1 order to help
the foot clear the obstacic. in the casc of a lowering response, the ankic would
mitially provide appropriate stance behavior and then exaggerated push-oit 1o help

clear the obstacle during the subsequent sinde.

{0541 Although the various embodiments of the mventfion are mainly
described in terms of a stumble occurring with a prosthesis, the mvention is not
iimited in thas regard. Rather, the various embodiments are also operable to provide
sturnble recovery when a user stumbles with the sound leg. However, such stumble
recovery 18 provided by the normal operation of the walking controller. That 13, i the
case of sound leg lowering, the torward trajectory of the center of mass (COM) of the
user will trigger (an carly} swing phase for the prosthesis. Thus, the foot 1s lifted off
the ground, causing the foot toad sensors to ingger the transition from Phase 2 1o
Phase 3. Should the foot contact the eround (1., prior to Phase 4), prematurely, the
lowering response described above can be friggered and the leg can transition to an
carly stance {Phase (), as previously described. In the case of sound leg elevating,
this resulis m a continued oad bemng imposed on the prosthesis, Thus, smee the
fransition from a stance phase to a swing phase of the log (Phase 2 to Phase 3) does
not occur uniil such a load 1s removed, the walking controlier will maintain the stance

phase, and thus a stittened knee joint.

HOSS] in addition to stumbie recovery, a powered prosthesis can also be used
tor ground adaptation. Passive prostheses generally cannot adapi {0 uneven ground,
and theretore otien do not provide stabilizing assistance while standing, and
sometimes provide destabilizing effects, as described below with respect to Fi(s, 9A-

GF:
Ao

LIRS F1Gs. 9A-9C depict a transfemoral amputec subject, wearing a state-
of-the-art passive prosthesis {i.¢., an Otto Bock C-leg with a Freedom Renegade
ankle/toot), mchiding a knee joint, for various slopes. Consider fyrst the case of a
ransfemoral amputee on level ground, as represented m FIG. 9A. In this case, the
(prosthetic) foot 18 fiat on the ground, the ankie 1s stiff (by design}, and the knee 1s

“locked” against hyperextension stops, and thus the prosthesis possesses the structural
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ability {o transmut the stabilizing moment from the ground to the COM. In this
crcumsiance, the ampulee can put weight on the prosthests, and will receive
stabilizimg assistance from it Consider now the case shown mm FIG. 9B, m which the
amputee 18 standing on a downward slope. In this case, the center of pressure (COF)
lies within the foot, which lies flat on the ground, and thus a stabilizing moment (in
the form of the ankie stiftness) can be transmutted between the ground and the shank.
The body COM, however, lies posterior to the knee joint, and as such prosthetic knecs
are typically not capable of transmitting the stabilizing (stifiness) moment from the
shank to the thigh (since domge so would ereate complications at tog-off during
walking). Thus, i the case of standing on a downward slope, the prosthesis will offer
little stabilizing assistance o the user (notc that a small degree of assistance s

attorded dynamuically through the damping characteristics of the knee).

{0057} The result 1s sumlar when standing on an upward slope, as llustrated
n FIG, 9C, although for difterent reasons. Specitically, m thus case, the knee 15
hyperextended and abic to transmit a stabilizing moment from the shank to the thigh,
but {due to the mabihity of the ankle to realign s equilibrium point}, the foot is not
fiat on the ground, and thus a moment cannot be transnyited belween the ground and
shank (and thus cannot be transmitted between the ground and COM). As such, the
user dertves liftle or no balance assistance from the prosthesis when standmg on an
upward slope. Note that the foot of the prosthesis could be forced to be flat on the
ground, but (since the equibibrium point of the ankle stifiness 1s essentially at zero)

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

tiiat g To overcome such standing stability issucs, enabling stabtlizing

assistance from the prosthesis on ascending and descending slopes 1s a matter of 1)
wdenhifyimg the ground slope and appropriately shitting the equilibrium pomt of the
ankle torque controlier {i.e., & in the control equation 7. =4 {6 -0} + Z}_gé 3, and 2}

cnsuring that the knce remams sutticiently stiff when 1oad 1s apphied (o the himb. Note
that the latter 1s already a property of the middle-level finite-state impedance-based
standing controlier shown in FIG. 4. Thus, enhanced stability for upslope and
downslope standing 1s enabled 10 the powered prosthesis by estimating ground slope

v

and adapting the ankle equilibrium pomt and stiffness appropriately
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ST in the vartous embodiments of the mvention, slope estimation s
obtained as follows. First, when the prosthesis 18 in a pon-weight-bearing state {such
as durmg swing of the prosthesis or a sitling activity), the ankle jomt s charactenized
by a low rotational stitness. Specttically, the rotational stittness 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 {ool conforms 10 the slope of the ground (1.¢., {lat on

the ground}.

{6 Once the fool 1s Hat on the ground, as determuned by the heel and ball
of foot load sensors, a 3-axis accelerometer can be used to determme the ground
siope. Speciticaily, assunung the ground 18 an nerhial reference frame, the only
component of acceleration once the foot 18 tlat on the ground {assuming no slip) s the
eravitational acceleration, and as such, the relative values of the respective
coraponents measured by the 3-axas accelerometer ¢an be used {o defermune the
oricnfation of the gravifational vector relative 1o the foot, and thus the ground slopge is
known. 1t is worth noting that the amount of additional sensor hardware required for
the ground slope estimation can be muniroal with respect o the total mass and power

requirements of the prosthesis,

{00611 Exemplary results of real-time ground slope estimation are shown In
FiGy, 10, FIG. 10 shows real-time ground slope estimation obiained from a
ransfemoral ampulee standing on various ramps of various slopes (35, +10, -10, and -
5). To generaie the data shown m FIG. 10, the amputes stood mutially onlevel
sround and moved from one ramp to the next, while standing on each ramp for
approximately 10 seconds. For the data shown m FIG. 10, both the sensor input and
the estimator output are filtered with fust-order 20 Hz low-pass filters. As shown

FiG. 10, good agroement was obtained between actual and eshimated slope.

O0621 in some embodiments of the mvention, the rotational stiftness of the
knee can also be adjusted. First, when the prosthests 18 1 a non-weight-bearing state
(such as dunng swing of the prosthesis or a siting activity), the knee joint 1s aiso
characterized by a lower rotational stiffness (o allow the knee jomt to deflect durmg a

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

begins to bear the weight of the amputee.
5 & t

{63 FIG. L shows an X-Y plot of measured ankle jomnt lorque versus angle
for varving ground slopes, showing the ability of the ankle to adapt {0 and provide
stabilizing assisiance i cach ground slope scenarto m FIG, 10, Specitically, FIG. 11
shows the ankle lorgue versus ankie angle during quiet standing for each of the
ground slopes, along with a least-squares fif fo the data corresponding to each ground
stope, demonsirating the ability of the powered prosthesis 1o adapt its behavior o
cach, thus enabling stabilizing assistance across all eround siopes. A passive
prosthests would o all eround stope scenarios mainiain the behavior exhubited 1 the
center set of data, which {assuming the foot remamned tat on the ground) would at
torsional equilibrium locate the center of pressure behimd the user’s feel on the
downslope, and 1 front of the user on the upslope (and thus would be a destabilizing
miluence m all cases).  As turther domonsirated by the dala m FIG. 11, the powered
prosthesis appropriately shifls 11s ankic equilibrium such that the caergetic mimmum
of the (ankic) potential field acts to mamtain the body COM over the feet, and thus
provides stabilizing assistance {o the user, as shown m FIGs, 12A-128. FIGs. 12A-

1 2E depict a transtemoral amputee subject, wearing a4 powered prosthesis m
accordance with an cmbodiment of the mvention for cach of the ground slopes m FIG.

10,

{0064 The configuration described above additionally resulis in traproved
ad bearing over conventional passive prostheses. The distribution of load bearing
tor all ground slope scenarios tor both prostheses (1.¢., the scenarios depicted by FlGs.

12A-12E) 15 shown i FIG. 13.

LI FIG. 13 15 a plot of the ratio of prosthetic/sound leg weight bearmg {or
a passive prosthesis, as described above, and a powered prosthesis conhigured m
accordance with an embodiment of the mvention for five ground slopes. As shown in
Fi(s. 13, the powered prosthesis mamtains a roughly constant ratio near 40% {1.¢.,
6% of load on sound side, 40% on prosthesis), while the passive prosthesis varies
between approximately 153% (on the 10 degree downslope) and 33% {on level

oround). As indicated by the data m FIG. 13, the powered prosthesis is abie 1o sustain
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a sigmificantly mcreased load, and thus 1s better able to provide stabilizing assistance

i when slanding, particularly mn the frontal plane.

66| In some ermnbodiments of the mvention, for the frontal plane uncven
terram circumsiance, the powered prosthesis can be configured for defecting ground
contact {(using a similar approach to that described for ground siope estimation), and
“stitfening” the knee and ankle jomts about the respective jomt angles 1 the ground
contact configuration (in a sirnilar marnmer to the ankle adjustment previously
described), thus enabling load improved iransmission through the prosthests, and thus

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

867 Although the ground slope adaptation technigues described heren
ctiectively provide for improved transmission of forees and moments between the
around and body COM during standing, these technuques can also be used to similarly
provide for improved transmission force and moment during the stance phase of gail.
As such, the previously described ground slope estimaiion approach can also be used
(o adjust the impedance parameters of the walking controlier to acconmimodate uneven
terram durmg walking., Thus, the stabiiity of both standing and walkimg (especially in

cases of uneven terrain} can be provided m the various embodiments of the invention,

leadmg to a decrease the meidence of stumbling mn transfemoral amputee gait,
[{068] While various embodiments of the mvention have been described

above, 1t should be understood that they have been presented by way of exampic only,
and not limtation. Numerous changes {o the disciosed embodiments can be made n

accordance with the disclosure herein withowl departing trom the spimit or scope of the
mvention, Thus, the breadth and scope of the mvention should not be limited by any

of the above described embodiments.  Kather, the scope of the mvention should be

detined i1 accordance with the tollowine claims and their equivalents.
P

LI Applicants present certain theoretical aspects above that are believed 1o
be accurate that appear (o explain observations made regarding cmbodunenis of the
mvention. However, embodiments of the mvention may be practiced without the
theoretical aspects presented. Morcover, the theoretical aspects are presented with the

understanding that Applicants do not seek to be bound by the theory presented.

2}
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878 Although the mvention has been tilustrated and described with respect
to one or more implementations, equivalent alterations and modifications will occur to
others skilled 1n the art upon the reading and understandimg of thas specification and
the annexed drawmgs.  In addition, while a particular feature of the mveniion 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.

071 The termumology used herem is for the purpose of describing particular
embodiments only and s not mtended to be imiting of the mvention. As used herein,
the singular forms "a", "an" and "the" are mtended to mehude the plural torms as well,
untess the context clearly indicates otherwise, Furthermore, 1o the exient that the
terms "including”, "includes”, "having”, "has", "with", or variants thereot are used m

etther the delatied description and/or the claims, such terms are mtended to be

melusive 1 4 manner similar to the term "comprising.”

072 Unless otherwise defmed, all ferms (mcludmg technical and sciontific
terms) used hercin have the same meaning as commonly understood by one of
ordinary skill in the art to which this mvention belongs. It 1s further understood that
terms, sach as those defined in commonly used dictionaries, should be mierpreted as
having a meaning that is consistent with therr meaning 1 the context of the relevant
art and will not be interpreted in an idealized or overly formal sense uniess expressly

s defined herein.
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CLAIMS

l. A method of controlling a lower limb device having at least a powered knee joint, the
method comprising:

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

classifying the stumble event as one of a lowering type or an elevating type based on a
portion of the sensor signals associated with the stumble ¢vent; and

configuring the lower limb device to operate according to one of a lowering response
corresponding to the lowering type or an elevating response corresponding to the elevating type
based on the classitying,

wherein configuring the lower limb device to operate according to the elevating response
comprises configuring the powered knee joint to cause an initial flexion of the lower limb device
relative to the powered knee joint and a subsequent extension of the lower limb device relative to
the powered knee joint,

wherein configuring the lower limb device to operate according to the lowering response
comprises configuring the powered knee joint to cause extension of the lower limb device relative

to the powered knee joint.

2. The method of claim 1, wherein the stumble event is detected when at least one of the

sensor signals 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 a user associated with the lower limb

device based on the 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 a type of stumble behavior further
comprises estimating motion of the user based on the portion of the sensor signals, and wherein
the step of selecting the classification further comprises choosing between an elevating stumble
event and a lowering stumble event based on a comparison of the motion of the user to one or

more event criteria.
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5. The method of claim 4, wherein the elevating stumble event is chosen if the motion of the
user is primarily elevating and meets at least one of the event criteria associated with the

elevating stumble event.

6. The method of claim 4, wherein the lowering stumble event is chosen if the motion of the
user is primarily lowering and meets at least one of the event criteria associated with the lowering

stumble event.

7. The method of claim 1, wherein the lower limb device comprises a foot portion
comprising one or more load sensors, and wherein the lowering response is selected when one or

more signals from the load sensors meets a pre-defined criteria.

8. The method of claim 1, wherein the lower limb device further comprises a foot portion
and 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 powered ankle joint until a plantar surface of the foot

portion conforms to a walking surface; and
increasing the impedance of the powered ankle joint after the plantar surface of the foot

portion conforms to the walking surface.

9. The method of claim 1, wherein the step of configuring the lower limb device to operate
according to the elevating response further COmprises:

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

responsive to detection of the start of the elevating response, performing the configuring
of the powered knee joint to initially cause flexion and subsequently extension of the lower limb
device relative to the powered knee joint;

detecting an end of a swing of a thigh of a user of the lower limb device and the lower
limb device based on the sensor signals; and

responsive to detection of the end of the swing, configuring the powered knee joint to

support a weight of the user.

10. The method of claim 1, wherein the lower limb device further comprises a powered ankle
joint, and wherein the elevating response further comprises dorsifiexion of the powered ankle
joint,
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[1. The method of claim. 1, wherein the step of classifying comprises estimating a type of

stumble event based at least on a percentage of a swing phase completed at a time of the stumble

cvent.,

12. 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 knee joint at a time of the stumble event.

13. A control system for a lower limb device having at least a powered joint, the control
system comprising:

a plurality of sensors for generating one or more sensor signals associated with at least an
overall motion of the lower limb device;

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

a computer-readable storage medium, having stored thereon instructions for causing the
processor to perform operations comprising:

detecting a stumble event based on the sensor signals;
classifying the stumble event based on a portion of the sensor signals associated with the stumble
event;

generating the control signals so as to configure the lower limb device to operate
according to one of a lowering response corresponding to the ]owering type or an elevating
response corresponding to the elevating type based on the classifying,

wherein configuring the lower limb device to operate according to the elevating response
comprises configuring the powered knee joint to causc an initial flexion of the lower limb device
relative to the powered knee joint and a subsequent extension of the lower limb device relative to
the powered knee joint,

wherein configuring of the lower limb device to operate according to the lowering
response comprises configuring the powered knee joint to cause extension of the lower l[imb

device relative to the powered knee joint.

14. The system of claim 13, wherein the stumble event is detected when at least one of the

sensor signals meets a pre-defined criteria.

13. The system of claim 14, wherein the classifying comprises estimating a type of stumble

recovery behavior based on a second portion of the sensor signals following the first portion, and
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selecting the classification for the stumble event based on the estimated type of stumble recovery

behavior.

16. The system of claim 15, wherein the estimating of the type of stumble behavior further
comprises estimating motion of the user based on the portion of the sensor signals, and wherein
the selecting of the classification further comprises choosing between an elevating stumble event
and a lowering stumble event based on a comparison of the motion of the user to one or more

event criteria

17. The system of claim 16, wherein the elevating stumble event is chosen if the motion of

user is primarily elevating and meets at least one of the event criteria associated with the

elevating stumble event.

[ 8. The system of claim 16, wherein the lowering stumble event is chosen if the motion of

the user is primarily lowering and meets at least one of the cvent criteria associated with the

lowering stumble event.

19. The system of claim 13, wherein the plurality 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.

20. The system of claim 13, wherein the lower limb device further comprises a foot portion

and a powered ankle joint, and wherein a fourth module further causes the processor to:

reduce an impedance of the powered ankle joint until a plantar surface of the foot portion

conforms to a walking surface; and

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

portion conforms to the walking surface.

21. The system of claim 20, wherein the impedance is change‘d by estimating a slope of the

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

22. The system of claim 21, wherein responsive to the sclection of the elevating response, the
configuring the lower limb device to operate according to the elevating response further

COMprises:
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detecting a start of an overall clevation of the lower limb device based on the sensor
signals;

responsive to detection of the start of elevation, performing the configuring of the
powered knee joint to first cause flexion of the lower limb device relative to the powered knee
joint and subsequently cause extension of the lower limb device relative to the powered knee
joint; and

detecting an end of a swing of the thigh of a user of the lower limb device and the lower

limb device based on the sensor signals; and

responsive to detection of the end of the swing, configuring the powered knee joint to

support a weight of the user.
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