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(57) ABSTRACT

Local swing leg control was developed that takes advantage
of segment interactions to achieve robust leg placement
under large disturbances while generating trajectories and
joint torque patterns similar to those observed in human
walking and running. The results suggest the identified
control as a powertul alternative to existing swing leg
controls 1n humanoid and rehabilitation robotics. Alterna-
tively, a detailed neuromuscular model of the human swing
leg was developed to embody the control with local muscle
reflexes. The resulting reflex control robustly places the
swing leg into a wide range of landing points observed 1n
human walking and running, and 1t generates similar pat-
terns of joint torques and muscle activations. The results
suggest an alternative to existing swing leg controls 1n
humanoid and rehabilitation robotics which does not require
central processing.
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ROBUST SWING LEG CONTROLLER
UNDER LARGE DISTURBANCES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a divisional of US Nonprovi-
sional application Ser. No. 14/470/277 filed Aug. 27, 2014,
which claims priority to U.S. Provisional Application Ser.
No. 61/959,564, titled ROBUST SWING LEG CONTROL-
LER UNDER LARGE DISTURBANCES, filed Aug. 27,
2013, and to U.S. Provisional Application Ser. No. 61/939,
561, titled MUSCLE-RELFEX CONTROL OF ROBUST
SWING LEG PLACEMENT, filed Aug. 27, 2013, each of

which are incorporated by reference herein in their entirety.

STATEMENT REGARDING
FEDERALLY-SPONSORED RESEARCH AND
DEVELOPMENT

[0002] This invention was made with government support
under the National Science Foundation EEC 0540865 and

National Institute of Health 1RO1HD075492-01. The gov-
ernment has certain rights in this ivention.

BACKGROUND

[0003] Swing leg placement 1s vital to stability 1n legged
robots and animals. Without placing the feet into proper
target points on the ground, legged systems fail to balance
dynamically. These targets have been identified with sim-
plified point-mass models including the linear inverted pen-
dulum for standing and walking, and the spring-mass system
for running. The models predict foot placement targets
which stabilize gait 1n response to a disturbance such as an
external push or an unexpected change 1n the ground level.
However, they do not reveal how the segmented legs of
humans and humanoids can actually reach these targets.
[0004] The most common approach to generating swing
leg motions 1n humanoids uses trajectory planning and
tracking. In this approach, trajectories for all leg joints are
planned either based on optimization over deviations from
the foot placement targets or by spline interpolation between
consecutive placement targets. Once generated, these refer-
ence trajectories are tracked via proportional-derivative con-
trol at the joint levels. Planning and tracking of swing-leg
trajectories requires central control over all leg joints, which
limits the application of this approach to powered prosthetic
limbs which replace only part of the human body.

[0005] Although alternative approaches have been
explored 1n rehabilitation robotics, tracking predefined joint
patterns remains the state of the art in the control of powered
artificial legs. For instance, current leg prostheses mimic
human joint impedances that have been recorded 1n experi-
ments. Bound to these predefined patterns, handling gait
disturbances still requires event detection, automatic classi-
fication, and the implementation of deliberate joint trajec-
tories to counter these disturbances, hampering practical
implementations of autonomous powered legs that achieve
robust swing placement under large disturbances.

[0006] Animal and human legs by contrast demonstrate
robust swing placement with remarkable autonomy. From
early work on mesencephalic cats to recent investigations on
paralyzed cats and rats with drug administration and epi-
dural stimulation, experiments have shown that animals can
seamlessly adapt their leg behavior throughout stance and
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swing, to different speeds and gaits without central planning
by the brain. These observations suggest that a substantial
part of leg control 1n animal and human locomotion 1s
generated by spinal circuits which adapt to changes in the
environment.

BRIEF SUMMARY OF THE INVENTION

[0007] A control for swing leg motions 1s described
herein, mspired by observations on local control in animal
and human locomotion. It 1s based on local feedbacks and
does not require predefined swing leg trajectories to robustly
place the leg into target points on the ground. In one
embodiment, a control was developed guided by the seg-
ment dynamics of a double pendulum. The control 1s struc-
tured around a sequence of three tasks that include flexing
the leg 1nto a clearance length, advancing the leg into a target
angle, and extending it until ground contact. Although this
sequence can be enforced with strict trajectory tracking,
energy eilicient and modular artificial legs 1n rehabilitation
robotics was targeted and hence the developed control takes
advantage of passive swing leg dynamics and decouples
individual hip and knee controls wherein the motion of the
hip and the knee joints are determined without enforcing
reference trajectories of either the hip or the knee joint.
Thus, the developed control does not require tracking ret-
erence trajectories of either the hip or the knee joint. The
performance of the control 1n simulations was tested with a
more anthropomorphic swing leg that considers human-like
segment mass and 1nertia distribution as well as the efiect of
translational hip acceleration. It was demonstrated that the
identified control can achieve swing leg placement 1nto a
large range of target points, and that this placement 1s robust
to disturbances 1n 1nitial conditions and to sudden changes in
the target during swing, and that the resulting swing leg
trajectories and joint torque patterns compare to those of
human walking and runnmng.

[0008] An alternative embodiment of a control for swing
leg motions was developed based on local feedbacks and
does not require predefined swing leg trajectories to robustly
place the leg into target points on the ground. To compare the
identified control with human swing leg behavior at the level
of muscle activations and to prepare a transfer to powered
prosthetic legs that react like human limbs, a neuromuscular
control model of the human leg 1n swing was developed that
embodies the identified control with local reflexes. The
resulting reflex control robustly places the swing leg into
target angles from 50 deg to 75 deg which cover observed
landing leg angles for a wide range of human walking and
running speeds. In addition, the control generates swing
patterns that share the main features of human swing leg
patterns for the ankle trajectory, joint torques, and muscle
activations. The example embodiments described herein
suggest an alternative to existing swing leg controls includ-
ing, but not limited to, humanoid and rehabilitation robotics
which does not require central processing.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIGS. 1A and 1B illustrate swing leg models: (A)
Conceptual double pendulum model with point masses at the
segment ends; and (B) More realistic swing leg model with
human-like segment mass distribution and hip translational
accelerations as external input;
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[0010] FIGS. 2A and 2B illustrate swing leg control. (A)
Sequence ol natural control tasks for reaching a target
placement while guaranteeing foot ground clearance. (B)
Functional relationship between o and ¢, and ¢,. With

v=90-¢,/2 and p=180-y—¢,, o relates to ¢, and ¢, as

a’=¢h—%k;

[0011] FIGS. 2C and 2D 1illustrate individually the knee
control and the hip control 1n a typical swing phase;
[0012] FIG. 3A 1s a representation of a simulation model
of the present invention;

[0013] FIG. 3B 1s a plot of swing leg placement into
arbitrary targets under large variation in initial conditions.
The error Aa=a,,~a, between the target angle and the
achieved landing angle 1s shown as a color code for a large
range of 1nitial hip and knee velocities that cover the 1nitial
joint velocities observed in human locomotion from 0.65
ms~! to 5.5 ms™*:

[0014] FIGS. 4A-C 1illustrates the observed and predicted
swing leg patterns 1n walking, respectively. The ankle tra-
jectories (A), hip and knee torques (B&C) during multiple
swing phases (individual traces) are compared between
human walking and model prediction at four different walk-
ing speeds (color coded). For the model, the initial joint
positions and speeds as well as the hip translational accel-
erations are taken from the corresponding human swing
motions. The coordinates of the foot point in A are given
with respect to a world frame that originates at the initial
position of the hip. The torques 1n B and C are normalized
to percent of body weight times leg length (% bwll);
[0015] FIGS. 5A-C illustrates the observed and predicted
swing leg patterns 1n running, respectively. See caption of
FIG. 4 for explanations. Note that for only one swing at 3.5
ms~', the model engaged knee stop (knee torque spike at
end.);

[0016] FIGS. 6A-C illustrates the Reaction to disturbances
during swing. The reaction to disturbances during swing 1s
shown for large changes in the target leg angle o and during
simulated obstacle encounters for characteristic swing
phases with 1nmitial conditions that match human walking at
1.3 ms™". Undisturbed swing phases are shown in gray and
disturbed ones 1n black. (A) The target angle (dashed line)
1s changed at 75 ms 1nto the swing from 50 deg to 90 deg
(left column) and vice versa (right column). The arrows
mark the foot point position at the time of change. (B) An
external impulse of 15 Ns 1s applied to the foot point in early
(left) and late swing (right), resulting in an elevated foot
point trajectory and premature landing, respectively. The
arrows 1ndicate the start and end of the force application;
[0017] FIG. 7 1s an overview of the system of the present
invention;

[0018] FIG. 8 1s an implementation of the key modules of
the system;

[0019] FIG. 9 1s a system schematic of the knee joint
control system of the present invention;

[0020] FIG. 10 1s a system schematic of the hip joint
control system of the present invention;

[0021] FIG. 11 1s a logic flow diagram of one embodiment
of the present invention;

[0022] FIGS. 12A-B 1illustrates the neuromuscular model

for swing leg placement. (A) The ankle 1s controlled by the
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soleus (SOL), gastrocnemius (GAS), and tibialis anterior
(TA) muscles. The hip 1s flexed and extended by monoar-
ticular hip flexor (HFL) and gluter (GLU) muscle groups.
(B) The knee control 1s divided into the three tasks of the
previously identified control. (1) Imitial flexion 1s generated
by the monoarticular biceps femoris short head muscle
(BFsH). (11) The knee 1s constrained by rectus femoris (RF)
during hypertlexion and by BFsH during extension. (111) The
hamstring muscle group (HAM) and the vasti1 group (VAS)

brake and extend the leg. In addition, HAM recruits GAS
and BFsH to prevent knee hyper-extension;

[0023] FIG. 13 illustrates the swing leg placement error
for the neuromuscular control model. The leg 1s hinged and
the 1mitial configuration 1s set to ¢, =220 deg, ¢, ,=175 deg
(,=132.5 deg), and ¢, ;=120 deg. The clearance leg length
1s set tol . =5 cm;

[0024] FIGS. 14A-F show the observed and predicted

swing leg patterns 1n walking and running. The ankle
trajectories (A,D), hip and knee torques (B,C,E.F) of mul-
tiple swing phases (1individual traces) are compared between
human and model at different speeds (color coded). For the
model, the 1nitial joint positions and speeds as well as the hip
translational accelerations are taken from the corresponding
human swing motions. The target angle 1s set to the observed
(average) landing angle o, =70 deg. The ankle trajectories
are given with respect to a world frame that originates at the
initial position of the hip. The torques are normalized to
percent of body weight times leg length (% bwll);

[0025] FIGS. 15A-C show the observed and predicted
muscle activations 1n walking and running. Steady-state
patterns of muscle activations during swing are shown for
hip (A), knee (B) and ankle muscles (C). Compared
muscles: (1) 1liacus (11) upper gluteus maximum, (111) semi-
membranosis, and (1v) vastus lateralis;

[0026] FIG. 16 1s an overview ol one aspect of the
neuromuscular control model of the present invention illus-
trating the process for neuromuscular estimates of leg angle
and leg angular speed;

[0027] FIG. 17 1s an overview of another aspect of the
neuromuscular control model of the present invention 1llus-
trating the process for neuromuscular estimates of leg length
and leg lengthening speed;

[0028] FIG. 18 1s an overview of yet another aspect of the

neuromuscular control model of the present invention illus-
trating the process for knee joint control;

[0029] FIG. 19 1s an overview of yet another aspect of the
neuromuscular control model of the present invention 1llus-
trating the process for hip joint control;

[0030] FIG. 20 1s an overview of yet another aspect of the
neuromuscular control model of the present invention illus-
trating the process for torque contribution of biarticular

muscle;

[0031] FIG. 21 1s an overview of yet another aspect of the
neuromuscular control model of the present invention illus-
trating the process for torque contribution of monoarticular
hip muscle;

[0032] FIG. 22 1s an overview of yet another aspect of the
neuromuscular control model of the present invention 1llus-
trating the process for torque contribution of monoarticular
knee muscle;

[0033] FIG. 23 1s an overview of yet another aspect of the
neuromuscular control model of the present invention 1llus-
trating the process for desired hip torque computation; and
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[0034] FIG. 24 1s an overview of yet another aspect of the
neuromuscular control model of the present invention illus-
trating the process for desired knee torque computation.

DETAILED DESCRIPTION OF THE

INVENTION
[0035] Swing Leg Model
[0036] In human and humanoids, leg placement 1s largely

achieved by the motion of the hip and knee while the ankle
contribution can be neglected. To develop mtuition about the
control strategies for swing leg placement, the classic double
pendulum with the thigh and shank represented as massless
rods of lengths 1. and 1 with point masses m, and m, attached
to their ends was used 1n one embodiment (FIG. 1A). The
hip 1s connected to an immovable trunk at the origin of the
world frame, and the joint angles ¢, and ¢, are measured as
shown 1n FIG. 1A. The resulting equations of motion are:

((mr-i_ms)zr_mszs CO.S ¢k)zr¢k=th+rk_msztzs COS q)k(.i)k'l-
mld, sin @@=y +(mAm)lg sin ¢, (1)

mszs "k:tk_*_mszs(zs_zt COS q)k)(.i)h'l-mszszr Sin ¢k(i)k2_mszsg

SIn($r—bz) (2)

[0037] {for the hip and knee, respectively, where T, and T,
are the applied hip and knee torques.

[0038] In addition to the conceptual model, the perfor-
mance of the control with a more realistic simulation model
of human swing motions was tested (FIG. 1B). In this
second model, the segment 1nertial properties are based on
anthropomorphic data obtained from scaling tables for a
human with a body weight and height of 80 kg and 180 cm
(m~=7 kg, m_=4.3 kg, d=21.7 cm, d =30.3 cm, 1 =43 cm,
1. =43 cm). Moreover, the model includes a knee stop real-
1zed by a restoring torque:

( . . ¢) > _émax (3)
B IO W AT
Tk i ¢k > Qbmax
0, otherwise

[0039]  (,,,,,=175 deg, §,,,,=0.01 rads™*, k,=17.2 Nmrad-

1) and accounts for hip translational accelerations (o, @) 1n
later comparisons to human swing phases in steady walking

and running.
[0040] Modular Local Control

[0041] In addition to the fundamental goal placing the foot
into target points, the swing leg motion 1s subject to the
constraint that the foot point needs to clear the ground or an
obstacle. We represent both, the placement goal and the
clearance constraint, by two control variables, the target leg
angle o, and the clearance leg length 1, respectively
(FIGS. 2A and 2C). Assuming equal segment lengths 1=1_
(good approximation for human legs) in the remainder of
this paper, the leg angle 1s given by
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and the lug length resolves to

[ =2/, sin—

(FIG. 2B).

[0042] FIG. 2A outlines a natural sequence of three con-
trol tasks which reflects the objective and constraint. First,
starting at the ground level from an initial leg angle o, the
clearance constraint requires the leg to flex to at least the
clearance length 1, (reached at P). Second, the control focus
shifts to advancing the swing leg to the target angle o,
(reached at Q). And the final task 1s to extend the leg until
ground contact.

[0043] Although this sequence of control tasks can be
strictly enforced with classical state feedback control, track-
ing predefined trajectories 1s avoided for two reasons. Simi-
lar to humans, we seek to take advantage of the passive
dynamics that the swing leg provides to lessen the required
torques. In addition, we seek decoupled joint controls as
much as possible to modularize the control. Both goals
target autonomous and modular replacement legs in reha-
bilitation robotics. As a consequence, the swing leg control
1s structured around functionally distinct hip and knee joint
controls.

[0044] FIG. 2C outlines the various distinct phases of the
knee control of the typical swing phase: tlex, damp, stop,
and extend. The Flex phase begins from the mitial point of
raising a foot in contact with the ground to the point where
the current leg length 1s equal to or less than the clearance
leg length 1, thereby beginning the Damp phase. The
Damp phase dampens the motion of the leg along the leg
lengthening axis modulated by how close the leg angle 1s to
the target angle and by how fast the leg angle 1s moving
towards the target angle according to equation 7, until the
current leg angle 1s smaller than the threshold angle, which
initiates the Stop phase. The Stop phase reduces and reverses
the leg angular speed in preparation of the Extend phase that
will lower the foot on to the target position causing the foot
to move backwards when the leg 1s extended. FIG. 2D
further 1llustrates the various phases of the hip control of the
typical swing phase: move to target and move & compen-
sate. The Move to target phase begins from the 1mitial point
of raising a foot 1n contact with the ground. In this phase the
hip control seeks to place the leg into the target angle. When
the leg angle reaches the threshold leg angle, the hip control
switches to the Move & Compensate phase 1n which the
torque generated by the hip control 1s augmented with a
compensation torque that compensates for the effect of
torque produced around the knee on the hip.

[0045] A. Hip Control

[0046] 'The hip control 1s active throughout the swing and
its primary function 1s to move the leg into the target angle
o, LThe specific control mput t,” 1s given by

v, %=k, (-0 -k 0 (4)

[0047] where k,” and k™ are proportional and derivative
gains, respectively. Note that a negative mput tends to flex
the hip. In addition to the angle control, the hip control
receives a second input T,”* from the knee control,

gt

rh:rko{'ﬂjkﬁia (5)
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[0048] during the last, leg extension stage in the control
sequence (after reaching Q). The purpose of T, is detailed
in the next section on knee control. It 1s the only crossover
input between the joints.
[0049] B. Knee Control

[0050] The knee control’s primary function 1s to regulate
leg length. However, due to the influence of the knee angle
on both, leg length and leg angle, the control 1s more
ivolved. It 1s separated into the three natural control tasks

outlined betfore (FIG. 2A).

[0051] To accomplish the first control task of reaching a
minimum clearance 1, in the 1nitial swing, we take advan-
tage of the passive swing leg dynamics. Equation 2 shows
that while the Coriolis, centrifugal and gravitational terms
always tend to extend the knee, a negative hip acceleration
tends to flex the knee. The hip control (Eq. 4) generates
negative hip acceleration mitially to drive the leg into the
target angle. The resulting passive, negative knee accelera-
tion sufliciently overcomes the opposing Coriolis, centrifu-
gal and gravitational accelerations as long as the leg angle a
increases, o>0 or equivalently ¢k<2¢h (backward motion of
foot point). In that case, no 1input T, 1s required to tlex the leg,
as the increase 1n a reinforces hip tlexion control and, in turn,
passive knee flexion. If on the other hand a.<0, the passive
knee flexion 1s no longer sutlicient and the leg tends to scuil
the foot. Thus we implement active knee flexion control only
in proportion to how fast the leg moves forward,

e, <0 (6)
0, &>0

[0052] where K’ is a proportional gain.

[0053] Once the leg length as shortened past the clearance
length, 1<1_, , the knee control switches to the second task of
damping the knee so that the leg angle control by the hip can
take full effect (Eq. 4). We realize this task with a damping
iput

( —k" ¢ =0 (1
Ty = =k d (@ — )P, + @), &, >0&p, > —&
0, otherwise

[0054] that is pure when the knee flexes (¢,<0) and
modulated when 1t extends (¢,>0), with a proportional gain
of k. The implementation avoids the large torques that a
precise tracking of 1=1_, would incur fighting the passive
swing leg dynamics (FIG. 2A). In particular, when the hip
control stops pulling forward, all interaction terms 1n equa-
tion 2 create passive knee extension. The first modulation
term (a-a,,,), enables this passive extension when a
approaches 1ts target, easing the third control task. However,
when the leg swings faster at higher speeds, passive knee
extension amphﬁes markedly due mainly to the Coriolis
acceleration 1, sin ¢, ¢,2, and the second modulation term
(h,+00), prevents a premature landing of the leg. This term
compares the knee extension velocity to the approach veloc-
ity o (negative when moving forward). If the knee extends
faster than the leg moves towards its target angle, damping
torque 1s proportionally activated; otherwise, no control
torque 1s applied.

Jun. 1, 2017

[0055] The final knee control task of stopping swing and
extending the leg into the target 1s initiated when the leg
angle passes a threshold a,,,=a,+Aa,,, and 1s realized with
two functional components. The first component generates a

stopping knee-tlexion torque

04 X < Qppy (8)
o — kP (= a’)(l - _]a _ _
T!( — X max < Fmax
0, otherwise
[0056] that 1s inspired by nonlinear contact models, where

k*# is a proportional gain, c,,,—c corresponds to ‘ground
indentation’ and ¢, .. 1s the return velocity at which ‘ground
resistance’ vanishes. The stopping torque works well only 1t
its coupling into the hip motion 1s canceled and we apply the
compensation torque

.chz'ii:_ 2.ckz'z'z' (9)

[0057] at the hip. To motivate this particular compensa-
tion, consider equations 1 and 2 at hip and knee angles of
180 deg (vertical leg position). The equations then simplity
to

(mr+2ms)z 32(.1.)}: Ty +13kmszr2(i.)k (1 0)
m 12, =, +2m 1>, (11)
[0058] where we used the assumption 1 =1,. Using equation

11 to substitute in ¢, equation 10, we get
ML =T,+21,

[0059] {for the hip equation, which shows that a compen-
sation torque T, =+27, cancels the eflect of knee torque on the
hip motion.

[0060] The second functional component engages when
the leg has slowed down to zero angular speed a=0, upon
which a deliberate extension component 1s added to the knee
torque,

T, = (L-D), (12)

[0061] where k** is a proportional gain and 1,=1 +1_. This
active knee extension ensures that the leg reaches down to
the ground.

[0062] Results and Discussion

[0063] The control developed 1n the previous section 1s
based on the simple double pendulum as a conceptual model
(FIG. 1A). However, to test the control performance, a
swing leg model was used that considers human-like seg-
ment mass distribution and the effect of hip translational
accelerations generated by the body (FIG. 1B). With this
more realistic model, the control parameters were tuned to
achieve robust leg placement into a realistic range of target
angles assuming large variations in initial conditions. The
predicted patterns of the foot point motion and the joint
torques were then compared with those of human walking
and running, and evaluated the quality of the leg placement
generated by the local feedback control during sudden
changes 1n swing leg targets as well as during horizontal
pushes on the foot point that simulate obstacle encounters.

[0064] A. Leg Placement into Arbitrary Targets

[0065] The 1mitial leg configuration is set to ¢, ;=220 deg
and ¢, =175 deg (,=132.5 deg), the clearance leg length 1s
fixed atl_, =5 cm, and the control gains of the local feedback
control are hand-tuned with the goal of minimizing the error
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between the target leg angle and the actual landing angle for
a large range of 1nitial joint velocities and target angles.
Simultaneously, peak joint torques are tuned to be within the
peak torques observed 1n human walking and running. Note
that the hip 1s still assumed to be hinged during tuning as it
1s unclear what external translational accelerations should be
applied 1n this process. The resulting set of control param-
eters 1s shown 1n Table 1.

TABLE 1

Control parameters values. Values in parentheses are
gains adapted for walking & running respectively.

parameter value parameter value

k,* 110 (50/150) Nmrad™ k' 13 Nmsrad™
k.~ 8.5 (5.5/8.5) Nmsrad™! K* 5.5 Nmsrad_l
k? 250 (60/160) Nmrad™  a 10 rads™

ke 200N a, Ol + 8 deg
[0066] FIG. 3 shows the resulting control performance for

target angles =50 . . . 130 deg that include typical human
landing leg angles and for initial joint velocities q)h 0.

. 5 rads™" and q)ko =-10 ... 0 rads™! that cover the experl-
mental data on initial JOlIlt Ve1001t1es in human locomotion
(¢po=—4 . . . 2 rads™ and ¢, =7 . .. 1 rads™"). The
identified feedback control can achieve low target placement
errors with an average error of 1.4 deg and a maximum error
of 5.2 deg throughout the large ranges of target angles and
mitial joint velocities. Similar results hold for different
ground clearance constraints and initial leg configurations
(1,=5,8...cm and a,=132, 140 . . . deg).

[0067] B. Comparison to Human Walking and Running
[0068] For the comparison to human swing motions, mul-
tiple swing leg trajectories of a subject walking from 0.65
ms~" and 2 ms™" and running from 2.5 ms™" to 5.5 ms™" were
recorded, covering slow to fast walking as well as slow to
fast running. The left columns 1 FIGS. 4A-C and 5A-C
show the ankle trajectories (A) and the corresponding hip
and knee torques (B and C, obtained from 1mnverse dynamics)
observed during human swing 1n walking and running at the
different speeds.

[0069] The model-predicted swing leg patterns are similar
to the observed ones 1n walking. The right column 1n FIGS.
4 A-C shows the model-predicted swing phase motion of the
foot point (tip of shank segment) and the corresponding joint
torque patterns. (For all speeds, the model’s target angle 1s

O~ 70 deg, which equals the observed landing angle
a.,=7/0x3 deg.) Also, hip translational accelerations are
applied 1n the model based on the observed hip accelerations
for each swing phase. As a result, the hip control gains had
to be adjusted to one set of lower values for all walking trials
and of higher values for all running trials, Tab. 1) The foot
point motion has a similar range and shape for all four
walking speeds (A), and the hip and knee torques have
similar magnitudes and gross behavior (B and C). In the
model, the hip torque pattern 1s generated by the target angle
control (Eq. 4) throughout swing, except for the sharp rise in
hip extension torque which appears in the second half of
swing due to the knee compensation t,”*=2t,"" (Egs. 5 and
9). This sharp rise also occurs 1n the knee torque pattern and
1s generated by the knee stopping torque (Eg. 8). One
marked difference 1n the knee torque pattern appears at 2.00
ms~" walking, where, before the knee damping occurs that
prevents leg flexion past the clearance length (Eq. 7), the
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model shows an mmitial knee flexion torque to actively
prevent sculling the foot (Eq. 6). This mitial flexion torque
1s not visible 1n human walking. The difference 1s related to
the much larger initial hip flexion torque that humans use at
this speed, which passively tlexes the knee and thus prevents
foot scufling. It points to a speed-dependent increase 1n the
hip control gains not included in the model.

[0070] In contrast to walking, the predicted patterns for
running have a shorter stride length and a clearly faster
swing time than present in human running (FIGS. 5A-C).
Despite these differences, the shapes of the torque patterns
match human data 1n general (B and C). The shape of the hip
torque pattern 1s similar between walking and running in the
model. Except for an 1nitial modulation, this general shape
1s also preserved in the human hip torque pattern between
walking and running. By contrast, the knee torque pattern
shows an added, initial period of silence 1n running which 1s
present 1n both the model and the human data. This silent
period occurs in the model as the imitial knee angle in the
swing phase of running (¢, ,=149+2.5 deg) 1s more extended
than in walking (¢, ,=120£2 deg), and the knee passively
flexes belfore the leg reaches the clearance length where the
damping torque engages (Eq. 7).

[0071] The short swing phase in running 1s caused mainly
by an increased proportional gain k,” for the leg angle
control at the hip (Eq. 4 and Table 1). ThJS modification 1n
the model was required, because otherwise the passive leg
flexion by the hip control 1s too weak and the large hip
translational accelerations in running force the leg into an
early landing. The modification also entails a larger gain kK°%
for the stopping control (Eq. 8 and Table 1).

[0072] C. Reactions to Target Changes and Obstacle
Encounters
[0073] In addition to comparing the predicted swing leg

patterns to human swing motions, the performance of the
control 1n the presence of disturbances was tested. First,
sudden changes 1n the target angle were considered. FIG. 6A
shows the characteristic response of the model to changes 1n
the target angle from a,,,=50 deg to o, ~90 deg and vice
versa (left and right columns, respectively), which are
initiated at 75 ms 1nto the swing phase. In both cases, the
control rapidly adapts and guides the foot point into the new
target position with negligible error. A similar performance
for the same changes initiated later in the swing was
observed (not shown), up to 150 ms from 50 deg to 90 deg
(at which the leg angle crosses_o=90 deg in the undisturbed
swing) and up to 225 ms for the reverse change (which
equals about 80% of the swing time of its corresponding

undisturbed case).

[0074] FIG. 6B shows the characteristic response of the
model to an 1impulse disturbance of 15 Ns 1n early and late
swing (left and right columns). The impulse simulates
obstacle encounters and 1s applied as a constant force
applied to the foot point in the negative x-direction. The
model shows an elevating response for the early disturbance
and a premature landing for the late disturbance. Both
responses are observed in human locomotion and often
assumed to reflect two explicit control strategies. By con-
trast, the model shows these two behaviors as inherent
outcomes of i1ts placement control.

[0075] The results of the exemplary embodiments suggest
that the control can achieve swing leg placement into a large
range of targets for a wide range of walking and running
speeds with robustness to disturbances in initial conditions



US 2017/0151069 Al

and to sudden changes in the placement target during swing.
In the stmulation model, the control achieves leg placement
into target angles ranging from 50 deg to 130 deg with an
average error of 1.4 deg and a maximum error of 5.2 deg
throughout a large range of 1nitial joint velocities (FI1G. 3B).
This accuracy 1s maintained even when the target angles are
suddenly changed during swing (FIG. 6A). This perfor-
mance, generated by the developed control without the need
to track reference trajectories of either the hip or the knee
joint, 1s 1n stark contrast to current control approaches using
trajectory tracking, which need to retune trajectories for
different locomotion speeds and to provide explicit compen-
sation trajectories when encountering disturbances.

[0076] In addition, the control generates swing patterns
that share the main features of human swing leg patterns. In
undisturbed swings, the control generates foot point and
joint torque patterns that are similar to those patterns
observed 1n human walking and runming (FIGS. 4A-C and
5A-C). One major difference 1s the substantially shorter
swing time 1n running in the model, which coincides with
clearly shorter stride lengths. During simulated obstacle
encounters 1n early and late swing, the model generates an
elevating response and a premature landing, respectively
(FIG. 6B). Both responses are well known behaviors 1n
disturbed human swing phases. In contrast to generating
these responses with explicitly triggered control, they are
inherent to the i1dentified leg placement control.

[0077] Now turning to FIG. 7 that illustrates an overview
of the system of the present invention. The present invention
system 1ncludes sensory input 10, swing leg controller 20,
and control output 30, each 1n communication with 1its
adjacent sub-system module. Sensory mput 10 collects data
from an Inertial measurement unit (IMU) 12 to determine
the current hip angle ®,, and knee encoder 14 to determine
current knee angle ®,, and swing phase sensor 16 having
contact sensors (not shown) to determine contact of the foot
with the ground identifying the beginning and end of the
swing phase. Sensory mput 10 provides mnput to swing leg
controller 20 for the calculation of key parameters discussed
above to determine the positive or negative hip torque 32
and knee torque 34 to apply to the hip joint and/or the knee
joint to satisiy a condition. The application of hip torque and
knee torque 1s administered by Control Output 30. The
Inertial measurement unit 12 1s an electronic device that
measures and reports on an object’s velocity, orientation,
and gravitational forces, using a combination of accelerom-
eters and gyroscopes, sometimes also magnetometers. The
knee encoder 14 1s an electro-mechanical device that con-
verts the angular position or motion of a shaft or axle to an
analog or digital code.

[0078] Now turming to FIG. 8 that illustrates an 1mple-
mentation of the key modules of the system. As discussed in
FIG. 7, the IMU 12 determines the current hip angle ®,, and
knee encoder 14 determines current knee angle ®,.. Current
leg angle o 1s determined from FIG. 2B based on the current
leg angle a. Current leg length 1 1s calculated from the
Cosine Law based on the current knee angle ®.. The
calculated current leg angle ¢ and current leg length 1 are
input into Differentiator 40 to determine the current leg
angular speed a and leg lengthening speed. Memory 60, 1n
communication with microprocessor 30, stores the control-
ler parameters and the target leg angle ., ,. Microprocessor
50 uses the stored data in memory 50, current hip angle ®©,,
current knee angle @, current leg length 1, and current leg
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angle a along the state of the swing phase based on the
contact sensor in communication with the swing phase
control 16 to determine the positive or negative torques to
apply to knee actuator 80 and hip actuator 90 throughout the
swing phase to place the foot on to the target position.

[0079] Now turning to FIG. 9 that illustrates a system
schematic of the knee joint control system of the present
invention. There are four phases of the typical swing phase
for the knee: Flex, Damp, Stop, and Extend. The onset of the
swing control 1s 1initiated when the foot is no longer in
contact with the ground. Current leg angular speed o (also
known as leg angle speed) 1s input into the Flex phase that
utilizes Eq. 6 for active knee tlexion control applying the
appropriate knee torque (no hip torque) until the current leg
length 1 1s less than or equal to clearance leg length 1 _, . The
Damp phase, which follows the Flex phase, uses as input
into Eq. 7 current leg angle a, current leg angular speed «.,
current leg length and current leg lengthening speed to apply
the appropriate knee torque (no hip torque) until current leg
angle o 1s less than leg angle threshold o, ., ... The Stop
phase, which follows the Damp phase, uses as mput into
Eqgs. 8 and 9 current leg angle o and current leg angular
speed o to apply the appropriate knee torque (Eq. 8) and hip
torque (Eq. 9) until current leg angular speed a 1s equal to
or greater than zero. The Extend phase, which follows the
Stop phase, uses as mput into Eqgs. 9 and 12 current leg angle
a. and current leg angular speed a, to apply the appropriate
hip torque (Eq. 9) and knee torque (Eq. 12) until the foot
contacts the ground activating the contact sensor indicating
the end of the swing phase and the beginning of the stance
phase.

[0080] FIG. 10 1s a system schematic of the hip joint
control system of the present invention. As mentioned
above, the onset of the swing control 1s 1itiated when the
foot 1s no longer in contact with the ground. There are two
phases of the typical swing phase for the hip: Move to Target
(which 1s coincident with the Flex and Damp phases of the
knee joint control) and Move & Compensate (which 1s
coincident with the Stop and Extend phases of the knee joint
control). The Move to Target phase uses as input 1into Eq. 4
current leg angle a. and current leg angular speed a. to apply
the approprniate hip torque until current leg angle o 1s less
than leg angle threshold o, ., ... The Move & Compensate
phase, which follows the Move to Target phase, uses as input
into Eq. 4 current leg angle o and current leg angular speed
o to calculate specific control input t,” and uses as input into
Eq. 9 compensating torque T, to calculate compensation
torque. These torques are added to determine the resultant
torque (Eq. 5) to apply the appropriate hip torque T, until the
foot contacts the ground activating the constant sensor,
indicating the end of the swing phase and the beginning of
the stance phase.

[0081] Now turning to FIG. 11 for a logic flow diagram of
one embodiment of the present invention discussed above.
The present invention monitors key parameters including,
but not limited to, those parameters listed 1n this application.
The knee swing phase 1s independent from the hip swing
phase. The knee swing phase includes the flex phase, damp
phase, stop phase, and extend phase. The hip swing phase
includes the Move to Target Phase and the Move & Com-
pensate phase. The knee and hip swing phases begin when
the foot leaves the ground as monitored by contact sensors.
The knee and hip stance phases begin when the foot contacts
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the ground as monitored by contact sensors. The swings
phases begin again when the foot leaves the ground.

[0082]

[0083] To compare the identified control with human
swing leg behavior at the level of muscle activations, and to
prepare a transfer to artificial powered legs that can react like
human limbs, a neuromuscular model of the human leg in
swing was developed to embody the modular control with
local muscle reflexes. In one embodiment, the model com-
prises three segments connected by revolute joints. The
segments have anthropomorphic mass and inertia properties
and the joints represent hip, knee and ankle. Nine Hill-type
muscle models span these joints, each consisting of a
contractile element CE, and parallel and series elasticities
(FIG. 12). A muscle produces the net force

F=F o il A™

Neuromuscular Control Model

[0084] that 1s dependent on 1ts maximum 1sometric force
F_ "7, the force-length (1,) and force-velocity relationships
(1) of the contractile element, and the muscle activation A™.
The muscle force translates 1nto the joint torque contribution
T, =F"r,” at the joints j the muscle spans, where r,” 1s the
muscle moment arm. The activation 1s related to the neural
stimulation S_¢€[0,1] of a muscle by

A=(S"— A"

ece?

[0085] where the constant T___=10 ms describes the exci-

tation-contraction coupling of muscle tissue.

[0086] For the muscle reflex embodiment of the modular
leg placement control described 1n the preceding paragraphs
the muscle stimulations are generated by local propriocep-
tive feedbacks from the same or other muscles (general
index n),

S™(1) = S§+ ) GRPIi— AL, (13)

[0087] where S, 1s the muscle prestimulation, G,” 1s a
teedback gain, P,™ 1s the proprioceptive signal, At ™ repre-
sents the neural transport delay, and the sum symbol
describes a.-motoneurons which can combine multiple feed-
backs to generate the muscle net stimulation. The proprio-
ceptive signals P,™. n are either length or velocity signals
from the originating muscle n with

anzzcel_zofn and Vnm:vcen_voﬁ{za (14)

[0088] respectively. The offset values 1" and v, model
set point adjustments that y-motoneurons can generate at
muscle spindles, the sensory organs which measure muscle
length and velocity. Note that the muscle stimulation (Eq.
13) 1s saturated between zero and one, reflecting that neu-
rons modulate signals with firing rates that cannot become
negative.

[0089] A. Leg Angle Estimation with Biarticular Muscle
Stretch
[0090] The control described in the previous section

requires the leg angle as a main input. This quantity can be
estimated 1n the human neuromuscular system by the length
of two biarticular muscles, the hamstring (HAM) and the
rectus femoris (RF). Both muscles span the hip and knee.
HAM 1s a hip extensor and knee flexor while RF flexes the
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hip and extends the knee. The lengths of the two muscles are
given by

(15)  I"=1"£r," (91~ 0s, ,r‘m) + (¢k—¢k,rm)

[0091] where 1, 1s the muscle rest length that 1s reached
at the leg configuration defined by ¢, ," and ¢, ,", and r,”
and r,”" are muscle moment arms at the hip and knee,
respectively (top/bottom version for RE/HAM). In humans,
r,"=~r,”/2 for RF and HAM, and the leg angle relates to the
hip and knee angles by o~¢,-¢,/2. Equation 15 thus sim-
plifies to

lm :Zom if”km (O'.—O'.rm)

[0092] with o,"=¢, "¢, ,"/2. On the other hand, in
muscle 1"=1_ "+l _ ™. Assuming that the series elasticity does
not stretch substantially beyond its slack length (1) 1n
these muscles, 1_"=1_," (due to the low forces required in
swing), the leg angle resolves to a==(1_J"+1_/"-1,")/r,"+
a.”. Now, the control described above requires leg angle
inputs only as differences a—a, with respect to target values

o, which resolves to

a-o==x1/r"(_ "-1_ ;") (16)

[0093] when choosing the offset 1 "==r,"(a,—a,™)-1,;"+
1,”. Equation (16) describes a muscle spindle length feed-
back (Eqgs. 13 and 14) of either the RF or the HAM.
Likewise, the leg angular speed can be estimated by the
spindle velocity feedback of these biarticular muscles,

a=£1/r" (v, "=V, ") with v, =0 (17)

[0094] B. Ankle Control

[0095] For the control of the added ankle, the same
muscles and reflexes as 1n conventional prosthetic ankles are
used. Three muscles actuate the ankle, the monoarticular
soleus (SOL) and tibialis anterior (TA) muscles as well as
the biarticular gastrocnemius muscle (GAS) (FIG. 12A).
While the ankle extensors SOL and GAS do not actively
contribute to ankle control in swing, TA gets stimulated by
its own length feedback S*=S *“+S,“+G_ L " lifting
the foot segment into the neutral position (right angle with

the shank). The parameter values for all gains and ofisets are
reported 1n Table 2.

[0096] C. Hip Control

[0097] The hip portion of the modular control (Eq. 5) was
implemented by stimulating the hip extensor (gluteus group,

GLU) and the hip flexor (HFL) (FIG. 3A), using the stretch
feedback from RF for HFL and from HAM for GLU,

SHFL(I):SOHFL'FGRFHFLLRFHFL(I—AIRFHFL) , (1 8)
S D=S0" "+ Crrans™ “Lpans™ " (t-Atgrans™ ), (19)
[0098] We thus separate the flexion and extension part of

the commanded torque 1n (Eq. 5) observing that muscle can
only pull in general and that HAM and RF 1n particular can
g0 slack when the leg points backward and forward, respec-
tively. Due to (Eq. 16), the two stretch feedbacks jointly
represent the first term 1n (Eq. 5). We do not implement the
second term with explicit neuromuscular control since the
muscles’ force-velocity relationship A, automatically real-
1zes a damping behavior. We detail how we realize the last,
knee-hip-interaction term of (Eq. 5) in the next section on
knee control.
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TABLE 2

Control parameter values. Other parameters
are known by those skilled in the art.

(Gains Offsets
G 25 Goril 1.25 1,7 0.059 (m)
Gprtt 0.5 GpafM 2 L7 0.0716 (m)
G/ tY 0.5 GHAM,_ . 3 log > 0.0324 (m)
GpotsH 0.1 Gz 2 log" 0.0432 (m)
Gy 0.14 Gy 0.05 S, 0.65
[0099] D. Knee Control

[0100] The neuromuscular embodiment of the knee con-
trol follows along with the three natural control tasks. We
realize the first task by stimulating the short head of biceps

temoris (BFsH), a monoarticular knee flexor, with a velocity
feedback (Eq. 17) from REF,

SBFSH’i(Z):GRFBFSH VRFBFSH(Z—AZRFBFSH), (2 0)

[0101] using VOﬁRF ~ (FIG. 12B). The zero offset automati-
cally generates the velocity condition 1n (Eq. 6) as the
resulting muscle stimulation 1s bound to positive values.

[0102] For the second control task, we implement a length
feedback L"*° of the vasti (VAS), a group of monoarticular
knee extensors. This feedback has no target muscle; 1t
monitors leg length and engages the reflexes for the second
task once the leg achieves sutlicient ground clearance I<1_,.
(In humans, 1«¢, and ¢,~¢, =+ 1/r,"(1..,"-1,5") and ¢, ==+ 1/
r, (v —=v_g") for monoarticular knee extensors/flexors).
During the second task, we realize the extension part (first

line of Eq. 3) by stimulating RF with a velocity feedback
from VAS

SEHO=Cprs™ V™ (1= Aty s™). (21)
[0103] For the flexion part (second and third line), BFsH
1s simulated with its own velocity feedback,

SE R O =Capar T Vapar  (t-ANtppg M, (22)
[0104] where M are modulating reflexes with M=L, .>**
(t=Atgr” N [Vaperr o (Alppgy Vg (L=
AtRFBF sH )] .

[0105] The first modulation reflex from the biarticular RF

implements the term (a-a,,,) of (Eq. 7). The other modu-
lation term 1n this equation, (¢,+a), 1s implemented using
the sum of two velocity reflexes from BFsH tfor ¢, and from
RFE for .. These velocity reflexes also implicitly ensure the
condition ¢,>c. for generating flexion torque.

[0106] The final control task of braking and extending the
leg 1s implemented primarily by stimulating HAM and VAS

(FIG. 3B). We use the biarticular stretch reflex
ST =G rrand ™ Vipand M (=Nt ans ™) (23)

[0107] to stimulate HAM, which mimics the term (o, . a)
of (Eq. 8) when using the oflset value

off _— thAM (arkr_ arHAM)_ ZSZHAM + ZOHAM .
[0108] In addition, HAM proportionally recruits the syn-

onymous knee flexors BFsH and GAS once 1ts stimulation
exceeds a threshold S”*"*>S_

SBFSH’iii(Z):GHAMBFSH[SHAM’iii(I) _Srkr] , (24)
SGAS,iii(z.):GHAMGAS SHAM,iii(Z)_Srhr], (25)
[0109] to prevent hyper extension of the knee caused by

HAM torque saturation at high swing leg angular speeds.
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The second, velocity term of (Eq. 8) 1s neglected 1n the
control as the HAM’s force-velocity relationship produces a
similar damping behavior. However, we use a passive veloc-
ity feedback V*** to monitor when the leg angular speed
has slowed down to zero (a=0), which triggers VAS stimu-
lation by 1ts own stretch reflex,

SVAS’iii(Z):GVASVASL VASVAS(I_AIVASVAS) : (2 6)

[0110] to extend the knee.

[0111] Although the muscle reflexes are introduced along
with the three control tasks, they are active throughout swing
without the separation into task-related phases. For instance,
the total stimulation of BFsH is generated by S”7%%
=S STy SEISHI L GBI "The only exception is the VAS
extension reflex, which 1s connected only after a=0 1n the
last task.

[0112] Results and Discussion
[0113] A. Leg Placement into Arbitrary Targets
[0114] The control parameters of the neuromuscular

model were tuned by hand with two goals i mind. First,
with the application to autonomous prostheses in mind, a
single set of parameters that minimizes the error between the
landing leg angle and 1its target o, for a large range of initial
joint velocities and target angles exceeding those of human
walking and running were sought after. Second, 1t was
required that the corresponding joint torques to stay within
experimentally observed ranges.

[0115] The 1dentified set of control parameters 1s shown 1n
Table 2. Except for a,, , which differs between walking and
running (12/24 deg respectively), parameters remain con-
stant. The larger threshold angle for activating HAM earlier
in running than in walking 1s needed to prevent knee
hyper-extension. Such an earlier activation 1s also observed
in humans.

[0116] The achieved performance of target placement with
the neuromuscular system 1s shown i1n FIG. 13. For target
angles a,,~50 . . . 75 deg and for initial joint velocities
¢, 0==5 ... 5rads™ and ¢, ,=—10 ... 0 rads™, the average
and maximum placement errors are 2.8 deg and 9.2 deg.
These errors compare with the performance of the ideal
control and cover typical human landing leg angles and
initial joint speeds observed in walking and running. For
steeper target angles, however, the placement shows clearly
larger error due to the toe dragging the ground.

[0117] B. Comparison to Human Walking and Running

[0118] In another example, the resulting swing leg
motions were compared to actual human leg motions. The
swing leg trajectories of a subject walking at slow to fast
speeds (0.65 ms™ to 2 ms™') and running at slow to
moderately fast speeds (2.5 ms™" to 5.5 ms™") were recorded.
The subject’s ankle trajectories and corresponding hip and
knee torques during swing are shown 1n the left column of
FIGS. 14 A-F. The right column shows the patterns predicted
by the neuromuscular model. (Note that for the comparison
the observed hip translational accelerations and leg initial
conditions were applied to the model.) In addition, FIGS.
16A-C compare the time history of muscle activations
generally observed in walking and running with those pre-
dicted by the model for matched speeds.

[0119] In walking, the swing leg patterns predicted by the
model are similar to the ones observed in humans. The ankle

trajectories have a similar range and shape in particular for
slower walking speeds (FIG. 14A), and the hip and knee
torques have similar magnitudes and gross behavior except
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for the larger initial torques in human walking at 2 ms™"

(FIGS. 14B and 14C). The activation patterns for the hip
muscles HFL and GLU show similar timings and magni-
tudes between the model and humans (FIG. 15A). Although
the knee muscle activation patterns show a similar trend
(FIG. 15B), some deviations occur with respect to the onset
time for BFsH, which 1s delayed. For the ankle muscles, TA
misses the late swing activation seen 1n humans in prepa-
ration for stance (FIG. 15C), a known shortcoming of an
example ankle control.

[0120] In contrast to walking, the patterns for running
show more deviations between the model and humans. The
model has a shorter stride length and a clearly faster swing
time than present in human runnming (FIG. 14D). Despite
these differences, the shapes of the torque patterns match
human data 1n general (FIGS. 14E and 14F). In the activa-
tion patterns, humans have an increased tonus for all
muscles that 1s absent 1n the model (FIGS. 15A-C). In
addition to this muscle tonus, the activities of BFsH and
GAS show different characteristic features. In humans,
BFsH has a prominent activation peak that coincides with
RF peak activation (FIG. 15B). By contrast, 1n the model,
the early BFsH peak occurs at the very beginning of swing
and RF activity onset 1s delayed. Further, the model shows
an activation burst of GAS at the end of swing due to the
synonymous activation (Eq. 25) that humans do not seem to

have to such an extent (FIG. 15C).

[0121] FIGS. 16-24 describe example implementation of
the swing leg controller (FIG. 7) with an algorithm that
emulates human neuromuscular control, taking sensory
input about hip and knee angles as well as swing phase
detection and converting this input into hip and knee joint
torque commands.

[0122] FIGS. 16 and 17 describe how the algorithm trans-
lates sensor iputs from an IMU (hip angle) and a knee
encoder (knee angle) into estimates of leg angle and leg

angular speed (FIG. 16) as well as leg length and leg
lengthening speed (FIG. 17).

[0123] In FIG. 16, joint angle information from the hip
and knee sensors 1s converted into the length of a virtual
muscle that spans both joints (GEOMETRY). This virtual
muscle represents either the hamstring (HAM) or the rectus
femoris (RF). Together with a virtual muscle stimulation that
1s provided by the algorithm described 1n FIG. 18 and gets
converted 1nto muscle activation (ACTIVATION DYNAM-
ICS), the resulting muscle length and velocity 1s computed
(MUSCLE TENDON MODEL). From this virtual muscle
length and velocity information, the current leg angle
(ANGLE ESTIMAITE) and current leg angular speed
(SPEED ESTIMATE) of the swing leg are estimated. The

offsets for the muscle length (I_off 'm) and velocity
(v_off "'m) are control parameters of the algorithm and pro-

vided by the designer.

[0124] In FIG. 17, joint angle information from the knee
sensor 1s converted into the length of a virtual muscle that
spans the knee joint (GEOMETRY). This virtual muscle
represents either the vasti1 group (VAS) or the biceps femo-
ris short head (BFSH). Together with a virtual muscle
stimulation that 1s provided by the algorithm described 1n
FIG. 18 and gets converted into muscle activation (ACTI-

VATION DYNAMICS), the resulting muscle length and
velocity 1s computed (MUSCLE TENDON MODEL). From
this virtual muscle length and velocity information, the

current leg length (LENGTH ESTIMATE) and current leg
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lengthening speed (SPEED ESTIMATE) of the swing leg
are estimated. The offsets for the muscle length (1_off "'m)
and velocity (v_off "m) are control parameters of the algo-
rithm and provided by the designer.

[0125] FIGS. 18 and 19 describe how the algorithm con-

verts the estimates of leg angle, leg angular speed, leg
length, and leg lengthening speed into muscle stimulations
S_m of six virtual leg muscles m (BFSH, RF, HAM, GAS,
VAS, HFL, GLU). These muscle stimulations contribute in
a virtual feedback loop to the generation of the estimates of
leg angle, leg angular speed, leg length, and leg lengthening
speed (FIGS. 16 and 17). The muscle stimulation signals are

also used to compute hip and knee torques contributed by the
individual muscles (FIGS. 20, 21 and 22).

[0126] FIG. 18 shows a schematic of this conversion for
the knee joint control. The conversion 1s separated into the
four control phases described in FIG. 9. The mitial FLEX
phase engages when the swing phase sensor detects the
onset of swing. In the FLEX phase, the estimate of leg
angular speed d_alpha using the virtual muscle RF 1s used to
generate the muscle stimulation of the virtual muscle BESH
according to equation 13. The estimate of leg length 1 using
the virtual muscle VAS i1s used during this phase to con-
tinuously check 1f the leg length has contracted below the
clearance length 1_clr (FIG. 2C). Once 1<1_clr, the algorithm
enters the DAMP phase, and virtual muscle stimulations of
RF and BFSH are computed according to equations 14 and

15 using the estimate of leg lengthening speed from VAS
and BFSH (FIG. 17), and the estimate of leg angle and leg

angular speed from RF (FIG. 16). Throughout the DAMP
phase, the estimate of the leg angle using the virtual muscle
HAM (FIG. 16) 1s used to continuously check if the leg
angle alpha 1s below the threshold alpha_threshold (FIG.
2C). Once alpha<alpha_threshold, the algorithm enters the
STOP phase. In the STOP phase, the estimate of the leg
angle alpha using HAM (FIG. 16) 1s used to compute the
stimulation of HAM according to equation 16. In addition
the resulting HAM stimulation 1s used to compute the
stimulation of BFSH according to equation 17. Throughout
the STOP phase, the estimate of the leg angle velocity using
the virtual muscle HAM (FIG. 16) 1s used to continuously
check 1f the leg angle velocity d_alpha has reversed to
positive values (FIG. 2C). Once d_alpha>=0, the algorithm
enters the EXTEND phase, and the stimulations of the
virtual muscles BEFSH, HAM and VAS are computed accord-
ing to equations 16, 17 and 19 using the estimate of leg angle
from HAM (FIG. 16) and the estimate of leg length from
VAS (FIG. 17). The EXTEND phase ends when the swing

phase sensor detects the onset of stance.

[0127] FIG. 19 shows a schematic of the conversion from
estimated leg angle and angular speed to virtual muscle
stimulations for the hip flexor and extensor muscles (HFL
and GLU). The mitial MOVE TO TARGET phase starts
when the swing phase sensor detects the onset of swing.
During this phase, the algorithm computes according to
equation 11 the stimulation of the virtual hip flexor muscle
HFL using the estimate of the leg angle alpha from RF (FIG.
16). Throughout this phase, the leg angle estimate from
HAM (FIG. 16) 1s used to continuously check 1t the leg
angle alpha 1s below the threshold alpha_threshold (FIG.
2C). Once alpha<alpha_threshold, the algorithm enters the
MOVE 86 COMPENSATE phase. In this phase, the estimate
of the leg angle from HAM (FIG. 16) 1s used to compute the
stimulation of the virtual hip extensor muscle GLU accord-
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ing to equation 12. The MOVE & COMPENSATE phase
ends when the swing phase sensor detects the onset of
stance.

[0128] FIGS. 20, 21 and 22 schematically describe how
the algorithm converts stimulations of the virtual muscles
into desired torque contributions about the hip and knee joint
by these muscles.

[0129] FIG. 20 describes this conversion for the virtual
biarticular muscles (HAM and RF). Joint angle information
from the hip and knee sensors 1s converted into the length of
a virtual muscle that spans both joints (GEOMETRY).
Together with a virtual muscle stimulation that 1s provided
by the algorithm described in FIG. 18 and gets converted
into muscle activation (ACTIVATION DYNAMICS), the
resulting muscle force 1s computed (MUSCLE TENDON
MODEL). This muscle force F_m 1s converted into torque
contribution to the hip (FORCE TORQUE CONVERSION)
according tau_m h=F_m*r_h'm. The moment arm r_h m is
a control parameter of the algorithm and provided by the

designer. The muscle force F_m 1s also converted into a
torque contribution to the knee (FORCE TORQUE CON-

VERSION) according tau_m k=F_m®*r_k m. The moment
arm r_k'm 1s a control parameter of the algorithm and
provided by the designer.

[0130] FIG. 21 describes the conversion from muscle
stimulation to joint torque contribution for the wvirtual
muscles that span only the hip (GLU and HFL). Joint angle
information from the hip sensor 1s converted into the length
of a virtual muscle that spans the hip (GEOMETRY).
Together with a virtual muscle stimulation that 1s provided
by the algorithm described 1n FIG. 19 and gets converted
into muscle activation (ACTIVATION DYNAMICS), the
resulting muscle force 1s computed (MUSCLE TENDON
MODEL). This muscle force F_m 1s converted into torque
contribution to the hip (FORCE TORQUE CONVERSION)
according tau_m h=F_m*r_h'm. The moment arm r_h m i1s
a control parameter of the algorithm and provided by the
designer.

[0131] FIG. 22 describes the conversion from muscle
stimulation to joint torque contribution for the wvirtual
muscles that span only the knee (BFSH and VAS). Joint
angle information from the knee sensor 1s converted into the
length of a virtual muscle that spans the hip (GEOMETRY).
Together with a virtual muscle stimulation that 1s provided
by the algorithm described in FIG. 18 and gets converted
into muscle activation (ACTIVATION DYNAMICS), the
resulting muscle force 1s computed (MUSCLE TENDON
MODEL). This muscle force F_m 1s converted into torque
contribution to the knee (FORCE TORQUE CONVER-
SION) according tau_m k=F_m™*r k"m. The moment arm
r_k'm 1s a control parameter of the algorithm and provided
by the designer.

[0132] FIGS. 23 and 24 describe schematically how the
algorithm computes desired hip and knee torques from the
muscle torque contributions.

[0133] FIG. 23 shows this computation for the hip joint.
The summed torque contributions of the hip flexor muscles
(RF and HFL) are subtracted from the summed torque
contributions of the hip extensor muscles (GLU and HAM),
generating the desired hip torque tau_h of the swing leg
controller.

[0134] FIG. 24 shows the computation of the desired knee
joint torque. The summed torque contributions of the knee
flexor muscles (BFSH and HFL) are subtracted from the
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summed torque contributions of the knee extensor muscles
(GLU and HAM), generating the desired knee torque tau_k
of the swing leg controller.

[0135] While the disclosure has been described 1n detail
and with reference to specific embodiments thereot, 1t will
be apparent to one skilled 1n the art that various changes and
modifications can be made therein without departing from
the spirit and scope of the embodiments. Thus, it 1s intended
that the present disclosure cover the modifications and
variations of this disclosure provided they come within the
scope of the appended claims and their equivalents.

1. A model-based limb controller for a limb comprising at
least one robotic limb joint, the controller comprising:

a non-neuromuscular model including a swing leg model
and dynamic equations, wherein the non-neuromuscu-
lar model 1s configured to receive feedback data relat-
ing to a measured state of the limb and, using the
feedback data and the swing leg model and the dynamic
equations to determine at least one torque command to
be applied to the at least one robotic limb joint; and

a torque control system 1n communication with the non-
neuromuscular model, wherein the torque control sys-
tem receives the at least one torque command from the
non-neuromuscular model for controlling the at least
one robotic limb,

whereby motion of the at least one robotic limb joint 1s
determined without enforcing reference trajectories of
the at least one robotic limb joint.

2. The controller of claim 1, further comprising at least
one sensor mounted 1n proximity of the at least one robotic
limb joint to provide the feedback data to the at least one
robotic limb joint.

3. The controller of claim 1, wherein the at least one
robotic limb joint 1s only an artificial knee joint.

4. The controller of claim 1, wherein the at least one
robotic limb joint 1s an artificial knee joint and an artificial
hip joint.

5. The controller of claim 1, wherein at least one sensor
1s selected from the group consisting of an angular joint
displacement, a velocity sensor, a torque sensor, and an
inertial measurement unit.

6. A method for controlling a limb comprising at least one
robotic limb joint, the method comprising the steps of:

recerving feedback data relating to a state of the limb;

determining at least one joint torque to be applied to the
at least one robotic limb joint based on the state of the
limb using a non-neuromuscular model comprising a
swing leg model and dynamic equations; and

applying the at least one joint torque determined by the
non-neuromuscular model processor at the at least one
robotic limb joint,

whereby motion of the at least one robotic limb joint 1s
determined without enforcing reference trajectories of
the at least one robotic limb joint.

7. The method according to claim 6, wherein the at least

one robotic limb joint 1s only a robotic knee joint.

8. The method according to claim 6, wherein the at least
one robotic limb joint 1s a robotic knee joint and a robotic hip
jo1int.

9. The method according to claim 6, wherein the state of
the limb 1s selected from the group consisting of a current
hip rotation angle (¢, ) and a current knee rotation angle (¢,).
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