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ACTIVE CONTROL OF AN ANKLE-FOOT
ORTHOSIS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The application claims priority under 35 U.S.C
§119(e) from U.S. provisional application No. 60/670,732
filed on Apr. 12, 2005, which is incorporated by reference
herein in its entirety.

[0002] This application is a continuation-in-part of U.S.
patent application Ser. No. , filed on Mar. 30, 2006,
and entitled “An Exoskeleton Controller for a Human-
Exoskeleton System,” which claims priority under 35 U.S.C
§119(e) from U.S. provisional applications No. 60/667,518
filed on Apr. 1, 2005, and No. 60/670,732 filed on Apr. 12,
2005, and which is a continuation-in-part of U.S. patent
application Ser. Nos. 11/038,691 filed on Jan. 19, 2005, No.
11/038,692 filed on Jan. 19, 2005, and No. 11/038,978 filed
on Jan. 19, 2005, which are all incorporated by reference
herein in their entirety. U.S. patent application Ser. Nos.
11/038,691 filed on Jan. 19, 2005, No. 11/038,692 filed on
Jan. 19, 2005, and No. 11/038,978 filed on Jan. 19, 2005, are
each a continuation-in-part of U.S. patent application Ser.
No. 10/151,647 filed on May 16, 2002, which claims priority
under 35 U.S.C §119(e) from U.S. provisional applications
No. 60/301,891 filed on Jun. 29, 2001, and No. 60/353,378
filed on Jan. 31, 2002, which are all incorporated by refer-
ence herein in their entirety.

[0003] U.S. patent application Ser. No. , filed on
Mar. 30, 2006, and entitled “An Exoskeleton Controller for
a Human-Exoskeleton System,” is also a continuation-in-
part of U.S. patent application Ser. No. 10/824,059 filed on
Apr. 13, 2004, which is a continuation-in part of U.S. patent
application Ser. No. 10/655,460 filed on Sep. 5, 2003, which
claims priority under 35 U.S.C §119(e) from U.S. provi-
sional application Nos. 60/484,708 filed on Jul. 3, 2003, No.
60/421,964 filed on Oct. 28, 2002, and No. 60/413,024 filed
on Sep. 23, 2002, which are all incorporated by reference
herein in their entirety. U.S. patent application Ser. No.

, filed on Mar. 30, 2006, and entitled “An Exoskel-
eton Controller for a Human-Exoskeleton System,” is also a
continuation-in-part of U.S. patent application Ser. No.
10/280,771 filed on Oct. 25, 2002, which claims priority
under 35 U.S.C §119(e) from U.S. provisional application
Nos. 60/330,689 filed on Oct. 29, 2001, and No. 60/333,753
filed on Nov. 29, 2601, which are all incorporated by
reference herein in their entirety.

FIELD OF THE INVENTION

[0004] The present invention relates to the field of orthot-
ics and more particularly to control of an ankle-foot orthosis.

BACKGOUND OF THE INVENTION

[0005] Weakness of the ankle or foot can be a significant
factor in mobility impairments such as an abnormal gait
pattern. One example of this phenomenon is observed in a
condition known as drop-foot. A frequent complication
associated with drop-foot is an inability to control the falling
of the foot after heel strike, so that it slaps the ground at
every step, which is referred to as foot-slap. Another com-
plication associated with drop-foot is an inability for toes to
clear the ground during swing phase of gait, which causes
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individuals with drop-foot to drag their toes on the ground
throughout swing. Causes of drop-foot can include severed
nerves, stroke, cerebral palsy and multiple sclerosis.

[0006] Weakness of ankle or foot muscles can also alter
the gait pattern of the elderly. Age related changes in
stereotypic movements such as walking patterns have been
reported as early as age 60. Some of the age-associated
changes in gait include a shortened step length, prolonged
stance phase and double support times, and decreased ankle
push-off power. Efforts to understand impaired mobility of
the elderly have been focused on issues related to body
support and forward propulsion.

[0007] Changes in patterns of mobility as a consequence
of neurological or age related disorders can result in unsafe
and energy consuming movement. In the case of drop foot,
for example, accidental falls can occur during walking when
the person catches their toes on the ground. A lack of balance
control is also a major potential cause of falls involving a
significant risk of injury. To provide another example,
patients often compensate for drop-foot by excessively
raising their hip or knee to ensure clearance of the foot off
the ground, which is referred to as a steppage gait and which
resembles the gait of a high-stepping horse. A steppage gait
pattern expends more energy than normal, causing fatigue
and making it more difficult and dangerous to walk.

[0008] An ankle-foot orthosis (AFO) is an orthopedic
device that can provide support, stability, or replacement of
lost function to the ankle. In North America, there are
approximately 100,000 ankle-foot orthoses prescribed for
children and adults with neuromuscular disorders such as
spina bifida and cerebral palsy. Ankle orthotics can be useful
after an acute ankle injury, for rehabilitation, to prevent
ankle re-injury, for fall prevention in the elderly, and for
chronically unstable ankles.

[0009] In a recently developed ankle-foot orthosis, the
impedance of the orthotic joint was modulated throughout
the walking cycle to treat drop foot gait. See Joaquin A.
Blaya, Force-controllable ankle foot orthosis (AFO) to assist
drop foot gait, Master’s thesis, Massachusetts Institute of
Technology, 2003, which is incorporated by reference herein
in its entirety. It was found that actively adjusting joint
impedance reduces the occurrence of slap foot, allows
greater powered plantar flexion, and provides for greater
biological realism in swing phase ankle dynamics.

[0010] Control of a human-exoskeleton system such as an
ankle-foot orthosis presents significant challenges due to the
complexity of the central nervous system (CNS) control and
the interface between voluntary control and external artifi-
cial control. When humans interact with an external force
field such as an exoskeleton, the central nervous system
needs to learn an internal model of the force field and
interaction with the force field. See R. Shadmehr, T. Brash-
ers-Krug, and F. Mussa-Ivaldi, Interference in learning inter-
nal models of inverse dynamics in humans, in G. Tesauro, D.
S. Touretsky, and T. K. Leen, eds., Advances in Neural
Information Processing Systems, chapter 7, pages 1117-
1224, MIT Press, 1995, which is incorporated by reference
herein in its entirety. Therefore, a major challenge in the
design and use of ankle-foot orthoses for daily activities
relates to the coupled control of a human-exoskeleton sys-
tem.

[0011] Another challenge to controlling an ankle-foot
orthoses is that an expected trajectory is not available to the
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controller because the intended human motion cannot be
predicted in advance by an exoskeleton controller. Human
motion generally takes place in a dynamic environment and
forces that will act on a body are also unpredictable. The
inability to predict the intended motion in addition to
interaction with uncertain dynamic environments creates a
need for online or real-time control of an ankle-foot
orthoses.

[0012] Conventional techniques for human-exoskeleton
control tend to rely on unreliable calculation of first and
second order time derivatives of noisy generalized coordi-
nates. Conventional exoskeleton controllers are also suscep-
tible to uncertainties in measurement of body parameters
such as body segment mass, center of mass, and length. For
example, conventional inverse dynamics control requires
precise dynamic models because it is sensitive to parametric
uncertainties. Further, coupled control of a human-exoskel-
eton system may lead to mechanical and metabolic ineffi-
ciencies if the assist controller is not properly designed.

[0013] For an ankle-foot orthosis, there is a need for
practical and effective control strategies that can address
mobility impairments such as abnormal gait patterns without
the errors caused by calculation of higher order derivatives
of noisy kinematic data. There is a need for ankle-foot
orthosis controllers that are compatible with complex vol-
untary control performed by the central nervous system and
that are capable of energy efficient, real-time control.

SUMMARY OF THE INVENTION

[0014] One embodiment of the present invention provides
a computer based method of controlling a human-exoskel-
eton system comprising an ankle-foot orthosis at an ankle
joint. The method comprises receiving system parameters
for the human-exoskeleton system, receiving generalized
coordinates such as an orientation of a foot connected to the
ankle joint, and determining a joint torque for controlling the
ankle-foot orthosis to compensate for one or more compo-
nents of forces acting on the foot. Forces selected for
compensation can include gravitational forces as well as
external forces such as ground reaction forces. According to
one embodiment of the present invention, the ankle-foot
orthosis is an active ankle-foot orthosis.

[0015] According to one embodiment of the present inven-
tion, the control torque required to generate motion is
relegated to muscles actuators that are activated by volun-
tary commands from the central nervous system, thereby
mitigating the amount of interference between voluntary
control and assist control and allowing humans to quickly
adapt to an ankle-foot orthosis. One embodiment of the
present invention advantageously provides for efficient, real-
time control of an ankle-foot orthosis without the errors
caused by calculation of higher order derivatives of noisy
kinematic data.

[0016] One embodiment of the present invention deter-
mines an ankle-joint torque to compensate for sheer and/or
vertical components of ground reaction forces acting on the
foot. Another embodiment of the present invention deter-
mines an ankle-joint torque to compensate for a dynamic
component of a vertical ground reaction force acting on the
foot. Yet another embodiment of the present invention
determines an ankle joint torque to compensate for vertical
components of forces acting on the foot. According to one
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embodiment of the present invention, linear or angular
velocities or accelerations associated with the foot can be set
to zero while determining the ankle-joint torque based on an
inverse dynamics procedure.

[0017] One embodiment of the present invention deter-
mines an ankle joint torque to provide compensation for
forces acting on the foot about an axis or rotation of an
ankle-foot orthosis. Another embodiment of the present
invention determines an ankle joint torque for partial com-
pensation of forces acting on the foot for one or more
degrees of freedom.

[0018] The features and advantages described in the speci-
fication are not all inclusive and, in particular, many addi-
tional features and advantages will be apparent to one of
ordinary skill in the art in view of the drawings, specifica-
tion, and claims. Moreover, it should be noted that the
language used in the specification has been principally
selected for readability and instructional purposes, and may
not have been selected to delineate or circumscribe the
inventive subject matter.

DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1 is a free body diagram of forces and
moments acting on a foot-shank system according to one
embodiment of the present invention.

[0020] FIG. 2 is a flowchart illustrating a method of
determining ankle joint torque by analyzing forces and
moments acting on the foot according to one embodiment of
the present invention.

[0021] FIG. 3 is a flowchart illustrating a method of
determining an ankle joint torque to compensate for vertical
components of forces acting on the foot according to one
embodiment of the present invention.

[0022] FIG. 4 is a flowchart illustrating a method of
determining an ankle joint torque to compensate for ground
reaction forces acting on the foot according to one embodi-
ment of the present invention.

[0023] FIG. 5 is a graph comparing the ankle assist torque
for planterflexion/dorsiflexion of the ankle during a simu-
lated cycle of gait according to various embodiments of the
present invention.

[0024] FIG. 6 is a graph comparing the ankle assist power
during a simulated cycle of gait according to various
embodiments of the present invention.

[0025] FIG. 7A is a graph showing the ankle assist power
during a simulated cycle of gait according to various
embodiments of the present invention.

[0026] FIG. 7B is a graph showing the vertical component
of the ground reaction force during a simulated cycle of gait
according to one embodiment of the present invention.

DETAILED DESCRIPTION OF THE
PREFFERRED EMBODIMENTS

[0027] A preferred embodiment of the present invention is
now described with reference to the figures where like
reference numbers indicate identical or functionally similar
elements. Also in the figures, the left most digits of each
reference number corresponds to the figure in which the
reference number is first used.
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[0028] Reference in the specification to “one embodi-
ment” or to “an embodiment” means that a particular
feature, structure, or characteristic described in connection
with the embodiments is included in at least one embodi-
ment of the invention. The appearances of the phrase “in one
embodiment” in various places in the specification are not
necessarily all referring to the same embodiment.

[0029] Some portions of the detailed description that fol-
lows are presented in terms of algorithms and symbolic
representations of operations on data bits within a computer
memory. These algorithmic descriptions and representations
are the means used by those skilled in the data processing
arts to most effectively convey the substance of their work
to others skilled in the art. An algorithm is here, and
generally, conceived to be a self-consistent sequence of steps
(instructions) leading to a desired result. The steps are those
requiring physical manipulations of physical quantities.
Usually, though not necessarily, these quantities take the
form of electrical, magnetic or optical signals capable of
being stored, transferred, combined, compared and other-
wise manipulated. It is convenient at times, principally for
reasons of common usage, to refer to these signals as bits,
values, elements, symbols, characters, terms, numbers, or
the like. Furthermore, it is also convenient at times, to refer
to certain arrangements of steps requiring physical manipu-
lations of physical quantities as modules or code devices,
without loss of generality.

[0030] However, all of these and similar terms are to be
associated with the appropriate physical quantities and are
merely convenient labels applied to these quantities. Unless
specifically stated otherwise as apparent from the following
discussion, it is appreciated that throughout the description,
discussions utilizing terms such as “processing” or “com-
puting” or “calculating” or “determining” or “displaying” or
“determining” or the like, refer to the action and processes
of a computer system, or similar electronic computing
device, that manipulates and transforms data represented as
physical (electronic) quantifies within the computer system
memories or registers or other such information storage,
transmission or display devices.

[0031] Certain aspects of the present invention include
process steps and instructions described herein in the form
of an algorithm. It should be noted that the process steps and
instructions of the present invention could be embodied in
software, firmware or hardware, and when embodied in
software, could be downloaded to reside on and be operated
from different platforms used by a variety of operating
systems.

[0032] The present invention also relates to an apparatus
for performing the operations herein. This apparatus may be
specially constructed for the required purposes, or it may
comprise a general-purpose computer selectively activated
or reconfigured by a computer program stored in the com-
puter. Such a computer program may be stored in a computer
readable storage medium, such as, but is not limited to, any
type of disk including floppy disks, optical disks, CD-
ROMs, magnetic-optical disks, read-only memories
(ROMs), random access memories (RAMs), EPROM:s,
EEPROMs, magnetic or optical cards, application specific
integrated circuits (ASICs), or any type of media suitable for
storing electronic instructions, and each coupled to a com-
puter system bus. Furthermore, the computers referred to in
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the specification may include a single processor or may be
architectures employing multiple processor designs for
increased computing capability.

[0033] The algorithms and displays presented herein are
not inherently related to any particular computer or other
apparatus. Various general-purpose systems may also be
used with programs in accordance with the teachings herein,
or it may prove convenient to construct more specialized
apparatus to perform the required method steps. The
required structure for a variety of these systems will appear
from the description below. In addition, the present inven-
tion is not described with reference to any particular pro-
gramming language. It will be appreciated that a variety of
programming languages may be used to implement the
teachings of the present invention as described herein, and
any references below to specific languages are provided for
disclosure of enablement and best mode of the present
invention.

[0034] In addition, the language used in the specification
has been principally selected for readability and instruc-
tional purposes, and may not have been selected to delineate
or circumscribe the inventive subject matter. Accordingly,
the disclosure of the present invention is intended to be
illustrative, but not limiting, of the scope of the invention,
which is set forth in the following claims.

[0035] Control of an ankle-foot orthosis according to one
embodiment of the present invention can be utilized to
counteract the muscle weakness in the foot or ankle and to
aid several functions in ambulation, including control of
dorsiflexion and plantar-flexion in both the stance and swing
phases of gait. By actively adjusting joint impedance
through control of an ankle-foot orthosis, one embodiment
of the present invention reduces the occurrence of slap foot,
allows for improved powered plantar flexion, and provides
for greater biological realism in swing phase ankle dynam-
ics. One embodiment of the present invention provides for
an active or powered ankle-foot orthosis.

[0036] Control of an ankle-foot orthosis can be relegated
into two control subsystems: exoskeleton control and Cen-
tral Nervous System (CNS) control. See U.S. patent appli-
cation Ser. No. 10/824,059 filed on Apr. 13, 2004, which is
incorporated by reference herein in its entirety; see U.S.
patent application Ser. No. , filed on Mar. 30, 2006,
and entitled “An Exoskeleton Controller for a Human-
Exoskeleton System,” which is incorporated by reference
herein in its entirety. According to one embodiment of the
present invention, the exoskeleton control subsystem can be
responsible for determining an ankle joint torque required to
partially or completely compensate for vertical components
of one or more forces acting on the foot, such as gravita-
tional or external forces. According to one embodiment, the
exoskeleton control subsystem can be responsible for deter-
mining an ankle joint torque required to partially or com-
pletely compensate for ground reaction forces acting on the
foot. One embodiment of the present invention provides a
weight bearing control strategy based on partial or complete
gravity compensation for control of powered ankle-foot
orthosis, wherein the gravity compensation control accounts
for the potential energy of the system and is responsible for
compensating for torques due to gravity. According to one
embodiment, the ankle joint torque computed by the exosk-
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eleton control system does not account for generating the
control commands to produce the intended motion, which
can be relegated to the CNS.

[0037] Compensation for gravity forces is important
because a large component of muscle torques required to
execute many tasks is due to compensation for gravitational
loads due to the body segments. For example, the ankle joint
muscles may need to accommodate nearly the entire body
weight in order to keep balance. In additional to gravity
forces due to body segments, a human-exoskeleton system
is subjected to external forces such as interaction forces
arising from human-exoskeleton interaction, contact forces
with the environment, ground reaction forces, applied
forces, and gravitational forces due to loads (e.g. a back-
pack) external to the human body. External forces or their
components are often known or may be reliably measured.
For example, the vertical component of a ground reaction
force is a type of external constraint force that can be
reliably measured using in-shoe pressure/force sensors.

[0038] According to one embodiment of the present inven-
tion, an ankle-foot orthosis controller that performs partial
compensation for one or more forces leaves the CNS control
to execute commands that produce the muscle forces
required to compensate for the remaining static and the
kinetic components of motion. For example, the ankle-foot
orthosis can compensate for gravitational forces and/or
ground reaction forces. The relegation of control according
to one embodiment of the present invention leaves the
responsibility of motion execution, also referred to as
motion generation or control of motion, to the CNS/mus-
culoskeletal system while the ankle-foot orthosis controllers
and actuators contribute, at least in part, to maintaining static
equilibrium. Such a partitioning into kinetic energy and
partial potential energy components has important implica-
tions in motor learning. When humans interact with an
external force field such as an exoskeleton, the central
nervous system needs to learn an internal model of the force
field and the interaction with that force field. See R. Shad-
mehr, T. Brashers-Krug, and F. Mussa-Ivaldi, Interference in
learning internal models of inverse dynamics in humans, in
G. Tesauro, D. S. Touretsky, and T. K. Leen, editors,
Advances in Neural Information Processing Systems, chap-
ter 7, pp. 1117-1224, MIT Press, 1995, which is incorporated
by reference herein in its entirety. By partitioning the human
and exoskeleton control to the corresponding kinetic and
potential energy, one embodiment of the present invention
mitigates the amount of interference between voluntary
control and assist control, and minimizing such interference
plays an important role in how quickly humans can adapt to
interaction with the ankle-foot orthosis. Accordingly, one
embodiment of the present invention provides a clear par-
tition between natural voluntary control by the CNS and
artificial assist by the ankle-foot orthosis controller.

[0039] One embodiment of the present invention can
effectively address problems associated with unmodeled
dynamics, modeling uncertainties and measurement errors.
One embodiment of the present invention does not require
sophisticated sensory inputs because readily-obtained infor-
mation, for example the mass of the foot, is sufficient to
determine ankle joint torque for control of an ankle-foot
orthosis. Further, since joint torques can be determined as a
function of joint positions and orientations and do not
contain velocity or acceleration terms, one embodiment of
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the present invention is not sensitive to noise amplification
from numerical differentiation of noisy kinematic variables.
In addition, one embodiment of the present invention uti-
lizes ground reaction forces as constraints in conjunction
with recursive computations to confine determination of the
joint torque to the foot-ankle system. By confining determi-
nation of the joint torque to the foot-ankle system, one
embodiment of the present invention obviates modeling the
entire body and therefore reduces the effects of unmodeled
dynamics, parametric uncertainties, and noise propagation.
Moreover, one embodiment of the present invention has
limited sensitivity to parametric uncertainties as compared
to inverse dynamics control because this embodiment uses
the mass of the foot as the only model parameter.

[0040] Human gait is efficient due to the passive transfer
of potential to kinetic energy from gravitational forces. Such
efficiency is observed at the hip joint, where the pendulum
like motion of the lower legs during swing requires little
energy from the hip muscles. The transfer of kinetic energy
to potential energy plays a less significant role at the ankle
joint. In fact, a significant role of the ankle muscles is to
overcome the destabilizing effect of gravity and to assist
human gait during toe-off. Accordingly, one embodiment of
the present invention provides an effective control strategy
for an ankle-foot orthosis by partially or completely com-
pensating for gravitational forces acting on the foot.

[0041] Foot-Shank System

[0042] FIG. 1 is a free body diagram of forces and
moments acting on a foot-shank system according to one
embodiment of the present invention. FIG. 1 illustrates the
description of relevant frames, position vectors, and forces
and moments acting on a foot-shank system comprising an
ankle joint 100 connecting a shank 110 and a foot 120
according to one embodiment of the present invention. The
motion of the foot 120 can be described by two coordinate
systems, a space-fixed or inertial coordinate system (ICS),
and a moving body-fixed coordinate system (B, CS) which is
rigidly fixed to foot 120 and participates in its motion. The
frame description for the ICS and B, CS is denoted by {O}
and {B,}, respectively.

[0043] The origin of frame {B, } represents the position of
the center of mass 130 of foot 120. The position of the center
of mass 130 of foot 120 relative to frame {O} is described
by the vector X,. The ankle joint center 100 is described by
the vector C, with respect to frame {O}. The position
vectors in frame {O} from foot center of mass 130 to foot
center of pressure 140 is described by Lp,,. The position
vector in frame {O} from foot center of mass 130 to ankle
joint 100 is described by L;,. The position vector in frame
{0} from shank center of mass X, to ankle joint 100 is
described by L,, while L, describes the position vector in
frame {O} from shank center of mass to the knee joint.

[0044] The totality of all torques acting at a joint, includ-
ing torques generated from the voluntary contraction of
muscle actuators and torques generated from artificial actua-
tors in an exoskeleton system is referred to as the net joint
torque. The force due to gravity acting at foot center of mass
130 is denoted by m, g, where m, is the mass of foot 120 and
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g is a 3x1 vector representing the acceleration due to gravity.
The joint reaction force exerted on foot 120 by shank 110 at
ankle 100 is denoted by I, with respect to frame {O}, and
the ground reaction force acting on foot 120 is denoted by
I'y, with respect to frame {O}. The three dimensional
moment exerted on foot 120 by shank 110 at ankle joint 100
is described by 'N, with respect to frame {B,}. The ground
reaction moment acting on foot 120 is denoted by 1Ngr with
respect to frame {B,}. According to one embodiment of the
present invention, the ground reaction force I',, and ground
reaction moment 1Ngr can be considered to be acting at foot
center of pressure 140. Vectors are written with a leading
superscript, which indicates the coordinate system to which
the vector is referenced, and the absence of a leading
superscript indicates a vector with respect to the default
frame {O}. For example, 'N, represents. a vector whose
components have numerical values about the axis of frame

{B.}.

[0045] Description of Rotation Transforms

[0046] The orientation of frame {B,} relative to frame
{0} is achieved through orthogonal matrix °R;. The rotation
matrix represents three consecutive rotations using Euler
angles ©=[¢,0,]". We can associate the transformation
order in matrix °R; with the 3-1-3 (or z-x-z) Euler angle
sequence. Each rotation is performed about an axis of the
moving reference frame. The explicit expression for the
rotation matrix is given by equation 1, where the notations
¢ and s represent sin( ) and cos( ), respectively.

ch e —sp cO sy —cd sy —sp cO ey sp sO 1
PRy =|spcy+cd sy —sd sy+cdchcy —cdsh
s6 sy s6 e cf

[0047] The inverse transformation from frame {O} to
frame {B,} is given by equation 2.

R="R, =R, @

[0048] The Euler angles and their derivatives in terms of
the angular velocity W=[,, w,, w_] along the body fixed
axes is given by equation 3. See H. Baruh, Analytical
Dynamics, WCB/McGraw-Hill, 1999; J. Wittenburg,
Dynamics of Systems of Rigid Bodies, B. G. Teubner
Stuttgart, 1977, which are all incorporated by reference
herein in their entirety.

O=H"'W 3)

[0049] H™ is defined in additional detail by equation 4
below.

sy /s cpfsp 0 @)
H= oy — sy 0
sy c0]s6 —cy c/s0 1

[0050] The inverse transform is given by equation 5.

W=HO
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[0051] H is defined in additional detail by equation 6.

sO sy e 0O (6)
H=|s0cy —sy 0
cf 0 1

[0052] Determining Ankle Joint Torque by Analyzing
Forces and Moments Acting on the Foot

[0053] FIG. 2 is a flowchart illustrating a method of
determining ankle joint torque by analyzing forces and
moments acting on foot 120 according to one embodiment
of the present invention. The method obtains 200 anthropo-
metric and exoskeleton parameters, also referred to as sys-
tem parameters, such as the mass of foot 120, the location of
foot center of mass 130, and location of the ankle joint 100
with respect to the foot center of mass 130. The current
system configuration can be obtained 202 by measuring or
estimating generalized coordinates of the human-exoskel-
eton system. For example, the foot center of pressure 140
can be obtained 202 at each instant in time using force
sensors attached to foot 120, which can be used to perform
online or real time control of an ankle-foot orthosis. System
configuration information can also include orientation of
foot 120, for example the current ankle angle. Forces acting
on foot 120, such as one or more components of a ground
reaction force, can be obtained 204 by measuring or esti-
mating the forces at each instant in time. For example,
ground reaction forces acting on foot 120 can be measured
using force plates or sensors, such as in-shoe force sensors.
Note that some of the inputs described above, such as the
location of foot center of pressure 140 and ground reaction
forces acting on foot 120 may not be needed to determine an
ankle joint torque when foot 120 is not in contact with the
ground.

[0054] One embodiment of the present invention deter-
mines 206 Newton-Euler equations to analyze forces and
moments acting on foot 120. As explained above with
reference to FIG. 1, the notation of leading superscript is
used to indicate the coordinate system to which a joint
moment is referenced. The Newton-Euler state space equa-
tions describing the motion of foot 120 about its center of
mass 130 are shown in equations 7-9. See H. Hemami, A
state space model for interconnected rigid bodies, IEEE
Trans. on Automatic Control, 27(2):376-382, 1982, which is
incorporated by reference herein in its entirety.

m X =T, ~T,-m,g )
©,=H,"'W, )
IW == fU)+ Ny N R (L XT) ©)
[0055] In equations 7-9, 1, is the inertia tensor of foot 120

in frame {B, } and f{W)=WxIW is known as the “gyroscopic
torque”. According to one embodiment of the present inven-
tion, rotational equation 9 can be simplified by selecting the
body fixed axis as the principle axis. By doing so, product
of inertias vanish and the inertia tensor becomes a diagonal
matrix, I=diag([L, L 1,]). The gyroscopic torque simplifies to
equation 10.

X
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Uz = Iywyw, 10)
JW) = | (L = Iwaw,

Iy = Lw,w,

[0056] According to one embodiment of the present inven-
tion, to avoid using cross products in Equation 9, consider
the identity in equation 11 for the cross product of arbitrary
vectors a and b.

axb=ab (11)

[0057] In equation 11, the tilda symbol (~) denotes the
skew symmetric matrix representation of a vector. For
example, with the vector L=[_1X1ylz]T one can associate the
3x3 skew symmetric matrix [. defined in equation 12.

0 - 1 12)

[0058] Using the notations described above, equations 7-9
can be rewritten as equations 13-15.

m X, =T =T -myg 13)
©,=H, 'W, (14)
LW ==f 74 N, = N+ R L Ty 'R L T, (15)

[0059] According to one embodiment of the present inven-
tion, if the ground reaction force I',, and ground reaction
moment 1Ngr are available, Equations 13-15 can be used to
calculate the joint reaction moment ‘N, at the ankle, which
can be compensated by an ankle-foot orthosis.

[0060] One embodiment of the present invention deter-
mines the ankle-joint torque about one or more particular
axes of rotation. The ankle torque couple °N, is a three
dimensional vector expressed in the global reference frame.
For control of an AFO, one embodiment of the present
invention describes the ankle joint moment about physically
and anatomically meaningful rotation axes. The flexion/
extension, internal/external, and eversion/inversion are three
axes that can be used in clinical description of ankle motion.
The torque about the flexion/extension axis is prominent in
absorption and generation of power in human activities such
as gait. According to one embodiment of the present inven-
tion, the component of °N, about a specified axis is deter-
mined by taking the dot product of °N, and a unit vector in
the direction of the axis of rotation. Let § define a unit vector
in the direction of the flexion/extension axis with respect to
frame {O}. According to one embodiment of the present
invention, the net joint torque about the flexion/extension
axis is a scalar quantity given by equation 16.

M =N, s 16
shv/ext= Na (16)

[0061] Inverse dynamics control is one method for con-
trolling the ankle joint. One embodiment of the present
invention determines 208 the net joint torque about a par-
ticular axis of rotation, for example the flexion/extension
axis, for inverse dynamics control. As shown in equation 17,
equation 16 represents the net joint torque about the § axis,
or the control law for inverse dynamics control, which can
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be used for active control of an ankle-foot orthosis according
to one embodiment of the present invention. In the absence
of noise, with accurate measurements and an accurate bio-
mechanical model, the control law in equation 17 allows the
total power required from the muscles during flexion/exten-
sion to be provided by the ankle-foot orthosis.

Unir=Mawext an

[0062] Determining Ankle Joint Torque to Compensate for
Vertical Components of Forces Acting on the Foot

[0063] FIG. 3 is a flowchart illustrating a method of
determining an ankle joint torque to compensate for vertical
components of forces acting on foot 120 according to one
embodiment of the present invention. The method obtains
300 one or more anthropometric and exoskeleton param-
eters, also referred to as system parameters, such as the mass
of foot 120, the location of foot center of mass 130, and
location of the ankle joint 100 with respect to the foot center
of mass 130. The mass of foot 120 can also include the mass
of any attachments to foot 120, such as a shoe. The current
system configuration can be obtained 302 by measuring or
estimating generalized coordinates of the human-exoskel-
eton system. For example, the rotation matrix 'R, represent-
ing the orientation of foot 120 can be obtained 302 at each
instant in time, which can be used to perform online or real
time control of an ankle-foot orthosis. System configuration
information can also include the location of foot center of
pressure 140, which can also be obtained at each instant in
time using force sensors attached to foot 120, and which can
be used for online control of an ankle-foot orthosis. Forces
acting on foot 120, such as one or more components of a
ground reaction force, can be obtained 304 by measuring or
estimating the forces. For example, ground reaction forces
acting on foot 120 can be measured at each instant in time
using sensors or force plates. Note that some of the inputs
described above, such as the location of foot center of
pressure 140 and ground reaction forces acting on foot 120
may not be needed to determine an ankle joint torque when
foot 120 is not in contact with the ground.

[0064] According to one embodiment of the present inven-
tion, motion execution is relegated to voluntary commands
from the CNS, wherein the CNS can be assigned the role of
issuing the commands to generate a desired motion. These
commands are in the form of neural signals that activate the
muscles to generate muscle torques required to produce a
desired motion.

[0065] One embodiment of the present invention deter-
mines 306 an ankle joint torque to compensate for vertical
components of forces acting on foot 120. For example, to
perform gravity compensation control at the ankle 100, we
may consider only those forces in the direction of the
gravitation force (z-direction) as shown in equations 18-19.
According to a further embodiment, the ground reaction
moment, velocity and acceleration terms in equations 13-15
can also be set to zero, as shown in equations 20-24. For
example, a linear velocity or acceleration associated with
foot 120 can be set to zero when determining the ankle joint
torque. To provide another example, an angular velocity or
acceleration associated with foot 120 can be set to zero when
determining the ankle joint torque. According to one
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embodiment of the present invention, the ankle joint torque
determined in step 306 can be used to control an ankle-foot
orthosis.

[,(%)=0 1s)
T(y)=0 (19)
'Ng=0 (20)
©,=0 @1
W,=0 22
W,=0 23)
X,=0 24)

[0066] According to one embodiment of the present inven-
tion, based on equations 13-15 and the constraints in equa-
tions 18-24, an ankle joint torque to compensate for the
vertical components of forces acting on foot 120 can be
determined 306 using equation 25. The vertical component
of'the ground reaction force can be obtained, for example, by
measurement or estimation.

1NAJT= 1ROLD lrgr(z)_ IROLPI (rgr(z)_mlg (25)

[0067] According to one embodiment of the present inven-
tion, equation 25 can be written as equation 27 by using the
simplification in equation 26.

L=Lp,-Lp; 26
INAJT=1R0{Lrgr(Z)+LP1m1g} 27
[0068] If the segment lengths are expressed in the body-

fixed coordinate system, for example in online control of an
ankle-foot orthosis, equation 27 can be written as equation
28. Equation 28 can be used to determine 306 an ankle joint
torque to compensate for the vertical component of the
ground reaction force and the gravitational force acting on
foot 120 according to one embodiment of the present
invention.

1NAJT1= ILIRorgr(Z)+1LP1 'R g (28)

[0069] According to one embodiment, not every degree of
freedom is actuated because it is not always necessary to
have a motorized actuator at every degree of freedom of the
ankle joint 100. Let 'S define a unit vector in the direction
of'an axis of rotation, for example the flexion/extension axis,
referred to the foot reference frame. Based on equation 28,
the actuator control about an axis of rotation is given by
equation 29. According to one embodiment of the present
invention, online control of an ankle-foot orthosis can be
achieved by using real time FEuler angles to obtain the
rotation matrix, as shown in equations 1-2 above.

UAJT1= v, AT 'S 29)

[0070] For an actuated degree of freedom, it may not be
desirable to generate an assist torque that fully compensates
for gravity or ground reaction forces. One embodiment of
the present invention determines an ankle joint torque for
partial compensation using an assist ratio that actuates a
fraction of the total torque at the ankle joint 100. According
to one embodiment of the present invention, an ankle joint
torque for partial compensation of a degree of freedom can
be determined by pre-multiplying equation 29 with an assist
ratio o as shown in equation 30. The assist ratio o can have
a value between zero and one for partial assist, a value of
zero for no assist, and a value of one for full assist of an
actuated degree of freedom.

TAJTl=a1NAJTl' N (30)
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[0071] According to one embodiment of the present inven-
tion, compensation for the gravitational force due to foot 120
in equation 28 can be ignored, for example if the foot
gravitational force is small compared to the vertical com-
ponent of the ground reaction force. Accordingly, one
embodiment of the present invention determines 306 an
ankle joint torque that compensates for the vertical comn-
ponent of the ground reaction force, as shown in equation
31.

1NAJT11=1L1R I (€)Y}

L
[0072] Based on equation 31, the actuator control about an
axis of rotation is given by equation 32. According to one
embodiment of the present invention, online control of an
ankle-foot orthosis can be achieved by using real time Euler
angles to obtain the rotation matrix, as shown in equations
1-2 above.

UAJTH= 1NAJTH' 'S (32)

[0073] According to one embodiment of the present inven-
tion, an ankle joint torque for partial compensation of a
degree of freedom can be determined by pre-multiplying
equation 32 with an assist ratio o as shown in equation 33.
The assist ratio o can have a value between zero and one for
partial assist, a value of zero for no assist, and a value of one
for full assist of an actuated degree of freedom.

Tamy = Nas 'S (33)

[0074] Referring to equations 25-33, according to one
embodiment of the present invention a static component of
the vertical ground reaction force as well as a dynamic
component of the vertical ground reaction force can be used
to determine an ankle joint torque. In some instances, for
example in the double support phase of motion, the static
component may not be readily obtainable. One embodiment
of'the present invention determines 306 an ankle joint torque
that compensates for vertical components of forces acting on
foot 120 by using the dynamic component of the vertical
ground reaction force in place of the vertical ground reaction
force T',,(z) in equations 25-33. For example, an ankle joint
torque that compensates for the dynamic component of the
vertical ground reaction force and the gravitational force
acting on foot 120 can, be determined using equations
28-30. To provide another example, an ankle joint torque
that compensates for the dynamic component of the vertical
ground reaction force can be determined using equations
31-33. The dynamic component of the vertical ground
reaction force is available, for example, by using force and
pressure sensors. One example of a force sensor is an
in-shoe force sensor.

[0075] Referring to equations 25-33, according to one
embodiment of the present invention the ankle joint torque
for controlling an ankle-foot orthosis can be determined
without the need for online measurement information, for
example if the orientation of the foot 120 is known a priori
and is identical to the orientation of the foot coordinate
system at run-time and/or if the ground reaction force is
constant, known a priori and identical to the ground reaction
force at run-time.

[0076] Determining Ankle Joint Torque to Compensate for
Ground Reaction Forces Acting on the Foot

[0077] FIG. 4 is a flowchart illustrating a method of
determining an ankle joint torque to compensate for ground
reaction forces acting on foot 120 according to one embodi-



US 2006/0270950 Al

ment of the present invention. The method obtains 400 one
or more anthropometric and exoskeleton parameters, also
referred to as system parameters, such as the location of foot
center of mass 130 and location of ankle joint 100 with
respect to the foot center of mass 130. The current system
configuration can be obtained 402 by measuring or estimat-
ing generalized coordinates of the human-exoskeleton sys-
tem. For example, the rotation matrix 'R, representing the
orientation of foot 120 can be obtained 402 at each instant
in time, which can be used to perform online or real time
control of an ankle-foot orthosis. System configuration
information can also include the location of foot center of
pressure 140, which can also be obtained at each instant in
time using force sensors attached to foot 120, and which can
be used for online control of an ankle-foot orthosis. Forces
acting on foot 120, such as one or more components of a
ground reaction force, can be obtained 404 by measuring or
estimating the forces. For example, ground reaction forces
acting on foot 120 can be measured at each instant in time
using sensors or force plates. Note that some of the inputs
described above, such as the location of foot center of
pressure 140 and ground reaction forces acting on foot 120
may not be needed to determine an ankle joint torque when
foot 120 is not in contact with the ground.

[0078] According to one embodiment of the present inven-
tion, motion execution is relegated to voluntary commands
from the CNS, wherein the CNS can be assigned the role of
issuing the commands to generate a desired motion. These
commands are in the form of neural signals that activate the
muscles to generate muscle torques required to produce a
desired motion.

[0079] One embodiment of the present invention deter-
mines 406 an ankle joint torque to compensate for a ground
reaction force acting on foot 120 by setting the ground
reaction moment, velocity and acceleration terms in equa-
tions 13-15 to zero, as shown in equations 34-38. For
example, a linear velocity or acceleration associated with the
foot can be set to zero when determining the ankle joint
torque. To provide another example, an angular velocity or
acceleration associated with the foot can be set to zero when
determining the ankle joint torque. As shown in equation 39,
according to one embodiment the effect of gravitational
forces due to foot 120 can also be ignored. According to one
embodiment of the present invention, the ankle joint torque
determined in step 406 can be used to control an ankle-foot
orthosis.

'Ng=0 (34)
©,=0 35)
W,=0 (36)
W,=0 67
X,=0 (8)
m,;g=0 39)

[0080] According to one embodiment of the present inven-
tion, based on equations 13-15 and the constraints in equa-
tions 34-39, an ankle joint torque to compensate for the
ground reaction forces acting on foot 120 can be determined
406 using equation 40. The ground reaction forces can be
obtained, for example, by measurement or estimation.

Narrg="ReLp1 Tg"RoLpi Ty (40)
[0081] According to one embodiment of the present inven-
tion, equation 40 can be written as equation 42 by using the
simplification in equation 41.
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L=Llp =Ly, (41
Noasrg="RoL Ty (42)
[0082] If the segment lengths are expressed in the body-

fixed coordinate system, for example in online control of an
ankle-foot orthosis, equation 42 can be written as equation
43. Equation 43 can be used to determine 406 an ankle joint
torque to compensate for ground reaction forces acting on
foot 120 according to one embodiment of the present
invention.

Narrg="L'RT (43)
[0083] According to one embodiment, not every degree of
freedom is actuated because it is not always necessary to
have a motorized actuator at every degree of freedom of the
ankle joint 100. Let 'S define a unit vector in the direction
of'an axis of rotation, for example the flexion/extension axis,
referred to the foot reference frame. Based on equation 43,
the actuator control to compensate for a component of a
ground reaction force about an axis of rotation is given by
equation 44. According to one embodiment of the present
invention, online control of an ankle-foot orthosis can be
achieved by using real time FEuler angles to obtain the
rotation matrix, as shown in equations 1-2 above.

UAJT]I[= 1NAJT]H' s (44)

[0084] For an actuated degree of freedom, it sometimes
may not be desirable to generate an assist torque that fully
compensates for ground reaction forces. One embodiment of
the present invention determines an ankle joint torque for
partial compensation using an assist ratio that actuates a
fraction of the total torque at ankle joint 100. According to
one embodiment of the present invention, an ankle joint
torque for partial compensation of a degree of freedom can
be determined by pre-multiplying equation 44 with an assist
ratio a as shown in equation 45. The assist ratio o can have
a value between zero and one for partial assist, a value of
zero for no assist, and a value of one for full assist of an
actuated degree of freedom.

TAJTI]I:alNAJT]I[' N (45)

[0085] As shown in equations 40-45 above, one embodi-
ment of the present invention determines 406 an ankle joint
torque to compensate for sheer components such as I',(x),
I, (y) as well as vertical components I',(z) of a ground
reaction force. Another embodiment of the present invention
determines 406 an ankle joint torque to compensate for one
or more sheer components of a ground reaction force in
equations 40-45, without compensating for vertical compo-
nents of the ground reaction force.

[0086] One embodiment of the present invention deter-
mines 406 an ankle joint torque to compensate for one or
more vertical components of a ground reaction force in
equations 40-45, without compensating for sheer compo-
nents of the ground reaction force. For example, a sheer
component of a ground reaction force that is not readily
available can be ignored by setting it to zero in equations
40-45.

[0087] According to one embodiment of the present inven-
tion a static component of the vertical ground reaction force
as well as a dynamic component of the vertical ground
reaction force can be used to determine an ankle joint torque.
In some instances, for example in the double support phase
of motion, the static component may not be readily obtain-
able. One embodiment of the present invention determines
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406 an ankle joint torque that compensates for vertical
components of a ground reaction force acting on the foot by
using the dynamic component of the vertical ground reaction
force in place of the ground reaction force I',, in equations
40-45. For example, an ankle joint torque that compensates
for the dynamic component of the vertical ground reaction
force acting on foot 120 can be determined using equations
42-45. The dynamic component of the vertical ground
reaction force is available, for example, by using force and
pressure sensors such as in-shoe force and pressure sensors.

[0088] Referring to equations 40-45, according to one
embodiment of the present invention the ankle joint torque
for controlling an ankle-foot orthosis can be determined
without the need for online measurement information, for
example if the orientation of the foot 120 is known a priori
and is identical to the orientation of the foot coordinate
system at run-time and/or if the ground reaction force is
constant, known a priori and identical to the ground reaction
force at run-time.

[0089] Embodiments of the present invention shown in
equations 25-33 and 40-45 do not require sophisticated
sensory inputs because readily-obtained information, for
example the mass of foot 120, is sufficient to determine the
ankle joint torque for control of an ankle-foot orthosis. In
some embodiments, the orientation of foot 120 and the
ground reaction force may be required. Further, since joint
torques in equations 25-33 and 40-45 can be determined as
a function ofjoint positions and orientations and do not
contain velocity or acceleration terms, one embodiment of
the present invention is not sensitive to noise amplification
from numerical differentiation of noisy kinematic variables.

[0090] Simulation Results for an Ankle Foot Orthosis

[0091] Standard gait measurements including motion cap-
ture and force plate data were obtained courtesy of Chris-
topher L. Vaughan, Brian Davis, and Jeremy C. O’Connor,
Dynamics of Human Gait, Kiboho Publishers, Cape town
South Africa, 2d ed., 1999, which is incorporated by refer-
ence herein in its entirety. The recorded motion from a Helen
Hayes marker set and a series of anthropometric measure-
ments were used as inputs to a set of statistical regression
equations to determine the foot segment parameters and
ankle joint center. See Vaughan et al., Dynamics of Human
Gait. The Euler angles and center of gravity of the foot were
calculated. The method proposed by Grood & Suntay and
adopted by Vaughan et al. for human gait analysis was used
to determine the platerflexion/dorsiflexion axis of rotation.
See E. S. Grood and W. J. Suntay, A joint coordinate system
for the clinical description of three dimensional motions:
Application to the knee, Journal of Biomechanical Engi-
neering, 105:136-144, 1983, which is incorporated by ref-
erence herein in its entirety.

[0092] FIG. 5 is a graph comparing the ankle assist torque
for planterflexion/dorsiflexion of the ankle during a simu-
lated cycle of gait according to various embodiments of the
present invention. Referring to FIG. 5, NJT represents the
net joint torque for inverse dynamics control determined
using equation 17 above, which is calculated based on
complete sensory and complete model information and
which therefore represents the total torque required by the
muscles to perform this task. AJT; represents an ankle joint
torque to compensate for the vertical component of the
ground reaction force and the gravitational force due to foot
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120, determined using equation 29 above, according to one
embodiment of the present invention. Similarly, AJT; rep-
resents an ankle joint torque to compensate for the vertical
component of the ground reaction force, determined using
equation 32 above, according to one embodiment of the
present invention. Note that AJT; and AJT}; use partial
sensory and partial model information. FIG. 5 shows that
the ankle joint torques determined using equations 29 and 32
account for the majority of the total torque required during
this task, wherein the total torque is given by equation 17
above.

[0093] FIG. 6 is a graph comparing the ankle assist power
during a simulated cycle of gait according to various
embodiments of the present invention. As shown in equa-
tions 46-48, the graphs for Net Joint Power (NJP), AJP;, and
AJP;; in FIGS. 6 and 7A are obtained by the inner product
of joint reaction moments and the angular velocity w, of the
foot. Referring to equation 46, NJP represents the net joint
power for inverse dynamics control, which is calculated
based on complete sensory and complete model information
and which therefore represents the total power required by
the muscles to perform this task. In equation 46, the term
N, T is derived using equations 13-15 above. Referring to
equation 47, AJP; represents an ankle joint power to com-
pensate for the vertical component of the ground reaction
force and the gravitational force due to foot 120 according
to one embodiment of the present invention. In equation 47,
the term 1NAJTIT is determined as shown in equation 28
above. Referring to equation 48, AJP;; represents an ankle
joint power to compensate for the vertical component of the
ground reaction force according to one embodiment of the
present invention. In equation 48, the term N, . T is
determined as shown in equations 31 above. Note that AJP;
and AJP;; use partial sensory and partial model information.
FIG. 6 provides further evidence that compensating for
ground reaction forces and gravitational forces provides a
majority of the ankle joint power required to decelerate the
body during heel strike as well as a majority of the propul-
sive power required at the ankle during toe-off.

NIP=N,T %, (46)
ATP="Ny " 'w, 47
ATPp="N, " Wy (48)
[0094] FIG. 7A shows the ankle assist power according to

various embodiments of the present invention, which can be
compared with the vertical component of the ground reac-
tion force during a simulated cycle of gait, shown in FIG.
7B. Heel strike occurs at approximately t=0.2 sec, at which
the vertical ground reaction force goes from zero to a
positive number. Toe-off occurs at approximately t=0.9 sec,
at which the vertical ground reaction force returns to zero.
The simulation results shown in FIGS. 5-7 concur with our
expectation that compensating for ground reaction forces
and or gravitational forces plays a major role in contributing
to ankle power required for gait.

[0095] One embodiment of the present invention provides
a system for automatically controlling an ankle-foot orthosis
at an ankle joint, comprising first receiving means for
receiving a system parameter, second receiving means for
receiving an orientation of a foot connected to the ankle
joint, and first determining means for determining a joint
torque for controlling the ankle-foot orthosis to compensate
for a component of a ground reaction force acting on the
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foot, wherein the ankle-foot orthosis is an active ankle-foot
orthosis. According to one embodiment of the present inven-
tion, the system further comprises second determining
means for determining a joint torque to compensate for the
component of the ground reaction force about an axis of
rotation of the ankle-foot orthosis. According to a further
embodiment, the system further comprises second determin-
ing means for determining a joint torque to provide partial
compensation for the component of the ground reaction
force acting on the foot.

[0096] The present invention may be embodied in various
forms and should not be construed as limited to the embodi-
ments set forth herein. Rather, these embodiments are pro-
vided so that disclosure will be thorough and complete and
will fully convey the invention to those skilled in the art.
Further, the apparatus and methods described are not limited
to rigid bodies.

[0097] While particular embodiments and applications of
the present invention have been illustrated and described
herein, it is to be understood that the invention is not limited
to the precise construction and components disclosed herein
and that various modifications, changes, and variations may
be made in the arrangement, operation, and details of the
methods and apparatuses of the present invention without
department from the spirit and scope of the invention as it is
defined in the appended claims.

What is claimed is:

1. A computer based method of controlling a human-
exoskeleton system comprising an ankle-foot orthosis at an
ankle joint, the method comprising:

receiving a system parameter for the human-exoskeleton
system,

receiving an orientation of a foot connected to the ankle
joint; and

determining a joint torque for controlling the ankle-foot
orthosis to compensate for a component of a ground
reaction force acting on the foot, wherein the ankle-foot
orthosis is an active ankle-foot orthosis.

2. The method of claim 1, wherein the component of the

ground reaction force comprises:

a sheer component of the ground reaction force; and

a vertical component of the ground reaction force.

3. The method of claim 1, wherein the component of the
ground reaction force comprises a vertical component of the
ground reaction force.

4. The method of claim 1, wherein the component of the
ground reaction force comprises a sheer component of the
ground reaction force.

5. The method of claim 1, wherein the component of the
ground reaction force comprises a dynamic component of a
vertical ground reaction force.

6. The method of claim 5, wherein the dynamic compo-
nent of the vertical ground reaction force is measured using
one of:

a force sensor; and

a pressure sensor.

7. The method of claim 1, wherein one of a linear velocity
associated with the foot and a linear acceleration associated
with the foot is set to zero when determining the joint torque.
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8. The method of claim 1, wherein one of an angular
velocity associated with the foot and an angular acceleration
associated with the foot is set to zero when determining the
joint torque.

9. The method of claim 1, further comprising determining
the joint torque for controlling the ankle-foot orthosis to
compensate for the component of the ground reaction force
about an axis of rotation of the ankle-foot orthosis.

10. The method of claim 1, further comprising determin-
ing the joint torque for controlling the ankle-foot orthosis to
provide partial compensation for the component of the
ground reaction force acting on the foot.

11. The method of claim 1, wherein no online measure-
ment information is needed to determine the joint torque for
controlling the ankle-foot orthosis.

12. A computer based method of controlling a human-
exoskeleton system comprising an ankle-foot orthosis at an
ankle joint, the method comprising:

receiving a system parameter for the human-exoskeleton
system,

receiving an orientation of a foot connected to the ankle
joint; and

determining a joint torque for controlling the ankle-foot
orthosis to compensate for a vertical component of a
force acting on the foot.
13. The method of claim 12, wherein the vertical com-
ponent of the force acting on the foot comprises one of:

a force due to gravity acting on the foot; and

a vertical component of a ground reaction force acting on
the foot.
14. The method of claim 12, wherein the vertical com-
ponent of the ground reaction force is measured using one
of:

a force sensor; and

a pressure sensor.

15. A system for automatically controlling an ankle-foot
orthosis at an ankle joint, comprising:

first receiving means for receiving a system parameter;

second receiving means for receiving an orientation of a
foot connected to the ankle joint; and

first determining means for determining a joint torque for
controlling the ankle-foot orthosis to compensate for a
component of a ground reaction force acting on the
foot, wherein the ankle-foot orthosis is an active ankle-
foot orthosis.

16. The system of claim 15, wherein the component of the
ground reaction force comprises a vertical component of the
ground reaction force.

17. The system of claim 15, wherein the component of the
ground reaction force comprises a dynamic component of a
vertical ground reaction force.

18. The system of claim 15, wherein one of a linear
velocity associated with the foot, a linear acceleration asso-
ciated with the foot, an angular velocity associated with the
foot and an angular acceleration associated with the foot is
set to zero when determining the joint torque.
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19. The system of claim 15, further comprising second 20. The system of claim 15, further comprising second
determining means for determining the joint torque for
. . controlling the ankle-foot orthosis to provide partial com-
controlling the ankle-foot orthosis to compensate for the  pengation for the component of the ground reaction force

component of the ground reaction force about an axis of acting on the foot.

determining means for determining the joint torque for

rotation of the ankle-foot orthosis. %k % %k



