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EXOSKELETON CONTROLLER FOR A
HUMAN-EXOSKELETON SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The application 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, which are all incorporated by reference herein in their
entirety.

[0002] The application is 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 applications No. 60/330,689 filed on Oct. 29,
2001 and No. 60/333,753 filed on Nov. 29, 2001, which are
all incorporated by reference herein in their entirety. The
application is a continuation-in-part of U.S. patent applica-
tion Ser No. 10/655,460 filed on Sep. 5, 2003 which claims
priority under 35 U.S.C §119(e) from U.S. provisional
applications No. 60/413,024 filed on Sep. 23, 2002 and
No0.60/421,964 filed on Oct. 28, 2002 and No.60/484,708
filed on July 3, 2003, which are all incorporated by reference
herein in their entirety. This application is 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 reference herein in their
entirety. This application is a continuation-in-part of U.S.
patent application Ser. No. 10/824,059 filed on Apr. 13,
2004, which is incorporated by reference herein in its
entirety. This application is a continuation-in-part of U.S.
patent application Ser. No. 11/038,691 filed on Jan. 19,
2005, which is incorporated by reference herein in its
entirety. This application is a continuation-in-part of U.S.
patent application Ser. No. 11/038,692 filed on Jan. 19,
2005, which is incorporated by reference herein in its
entirety. This application is a continuation-in-part of U.S.
patent application Ser. No. 11/038,978 filed on Jan. 19,
2005, which is incorporated by reference herein in its
entirety.

FIELD OF THE INVENTION

[0003] The present invention relates to control of a
human-exoskeleton system.

BACKGROUND OF THE INVENTION

[0004] Exoskeletons are structures of rigid links mounted
on a body that restore, rehabilitate, or enhance the human
motor function. Effective use of exoskeletons for restoration
or enhancement of motor function has potentially wide-
spread applications in areas such as rehabilitation robotics,
injury prevention, performance enhancement, and in helping
humans with disabilities or compromised neuromuscular
function. However, conventional exoskeleton systems are at
an early stage of development, with some progress having
been made in the field of rehabilitation. See Saso Jezernik,
Gery Colombo, Thierry Keller, Hansruedi Frueh, and Man-
fred Morari, Robotic orthosis Lokomat: A rehabilitation and
research tool, Neuromodulation, 6(2): 108-115, 2003, which
is incorporated by reference herein in its entirety. Conven-
tional techniques for human-exoskeleton control tend to rely
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on unreliable calculation of first and second order time
derivatives of noisy generalized coordinates. Conventional
exoskeleton controllers are also susceptible to uncertainties
in measurement of body parameters such as body segment
mass, center of mass, and length.

[0005] The complexity of the central nervous system
(CNS) control and the interface between voluntary control
and external artificial control presents significant obstacles
to the control of a human-exoskeleton system. 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. 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, 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 exoskeletons for daily activities relates to the coupled
control of a human-exoskeleton system.

[0006] Another challenge to designing an exoskeleton
controller is that an expected trajectory is not available to the
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 a human-exoskeleton
system.

[0007] The coupled control of a human-exoskeleton sys-
tem may lead to mechanical and metabolic inefficiencies if
the assist controller is not properly designed. For example,
an exoskeleton controller may degrade efficiency for certain
tasks in which the natural and passive dynamics of the
system help the progression of motion. Efficiencies due to
the natural dynamics are evident in human gait motion,
which is believed to be a highly efficient motion due to the
passive transfer of potential to kinetic energy, with the
primary source of energy for hip flexion during the swing
phase of gait being generated by gravity effects. An exosk-
eleton control strategy should be mechanically and meta-
bolically efficient. Accordingly, there is a need to assess the
mechanical and metabolic costs associated with an exosk-
eleton controller and to determine its feasibility in terms of
energy efficiency.

[0008] For a human-exoskeleton system, there is a need
for exoskeleton control strategies that enhance, rehabilitate
and restore the human motor function without the errors
caused by calculation of higher order derivatives of kine-
matic data with noise. There is a need for exoskeleton
controllers that are compatible with complex voluntary
control performed by the central nervous system and that are
capable of energy efficient, real-time control.

SUMMARY OF THE INVENTION

[0009] One embodiment of the present invention provides
a method of controlling an exoskeleton actuator at a joint of
a human-exoskeleton system. The method comprises receiv-
ing system parameters for the human-exoskeleton system,
receiving generalized coordinates for the human-exoskel-
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eton system, and determining an equivalent joint torque for
the exoskeleton actuator to compensate for a selected force.
According to one embodiment of the present invention, the
control torque required to generate motion is relegated to
muscles actuators that are activated by voluntary 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 exosk-
eleton system. Techniques presented herein advantageously
provide for efficient, real-time exoskeleton control without
the errors caused by calculation of higher order derivatives
of noisy kinematic data.

[0010] Forces selected for compensation can include
gravitational forces as well as external forces, which can be
acting on a body segment that may or may not be connected
to the actuated joint. One embodiment of the present inven-
tion compensates for gravitational and/or external forces by
determining an equivalent joint torque required to maintain
static equilibrium. A further embodiment determines the
equivalent joint torque for partial compensation of selected
forces for one or more degrees of freedom.

[0011] According to one embodiment of the present inven-
tion, an equivalent joint torque for selective compensation of
one or more forces can be determined using recursive
techniques. According to another embodiment, an equiva-
lent joint torque for selective-compensation of one or more
forces can be determined using the principal of virtual work.
For example, a Jacobian matrix can be used to transform a
force to an equivalent joint torque. According to yet another
embodiment, an equivalent joint torque can be determined
by using one of several methods such as Lagrangian dynam-
ics.

[0012] One embodiment of the present invention provides
techniques to determine the feasibility of exoskeleton con-
trol in terms of metabolic or mechanical efficiency. Further,
simulation results are presented to demonstrate the efficacy
of one embodiment of the present invention when applied to
control an active ankle-foot orthosis.

[0013] 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

[0014] FIG. 1 is a free body diagram of forces and
moments acting on a three-dimensional human-exoskeleton
system with a tree structure according to one embodiment of
the present invention.

[0015] FIG. 2 is a flowchart illustrating a method of
determining assist torque for a human-exoskeleton system
from the dynamics equations of motion according to one
embodiment of the present invention.

[0016] FIG. 3 is a flowchart illustrating a method of
determining an equivalent joint torque for selective and/or
partial compensation of gravity and external forces acting on
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a human-exoskeleton system using the principle of virtual
work, according to one embodiment of the present inven-
tion.

[0017] FIG. 4 is a flowchart illustrating a recursive
method of determining an equivalent joint torque for selec-
tive and/or partial compensation of gravity and external
forces acting on a human-exoskeleton system according to
one embodiment of the present invention.

[0018] FIG. 5 is a graph illustrating feasibility regions for
a mechanically efficient human-exoskeleton controller
according to one embodiment of the present invention.

[0019] FIG. 6 is a graph comparing the net joint torque
versus the ankle assist torque for plantarflexion/dorsiflexion
of'the ankle during a simulated cycle of gait according to one
embodiment of the present invention.

[0020] FIG. 7A is a graph comparing the net ankle joint
power versus the ankle assist actuator power during a
simulated cycle of gait according to one embodiment of the
present invention.

[0021] 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.

[0022] FIG. 8 is a graph showing the ankle assist torque
versus the net joint torque at the ankle during a simulated
cycle of gait, compared with mechanical feasibility regions
of a human-exoskeleton controller, according to one
embodiment of the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0023] 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.

[0024] 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.

[0025] 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
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to certain arrangements of steps requiring physical manipu-
lations of physical quantities as modules or-code devices,
without loss of generality.

[0026] 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) quantities within the computer system
memories or registers or other such information storage,
transmission or display devices.

[0027] 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.

[0028] 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
the specification may include a single processor or may be
architectures employing multiple processor designs for
increased computing capability.

[0029] 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.

[0030] 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.
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[0031] Various embodiments of the present invention pro-
vide for determining an equivalent joint torque for selective
compensation of gravitational and external forces in a
human-exoskeleton system. Various embodiments of the
present invention provide for selective force compensation
using Lagrangian dynamics, the principle of virtual work,
and recursive techmques. Which of these techmques is used
for determining an equivalent joint torque may depend, for
example, on the computational cost for a particular appli-
cation for which the invention is used or the simplicity of the
formulation for the particular application.

[0032] According to one embodiment of the present inven-
tion, control of a human-exoskeleton system can be rel-
egated into two control subsystems: exoskeleton control and
Central Nervous System (CNS) control. The exoskeleton
control subsystem can be responsible for computing an
equivalent joint torque required to selectively compensate
for gravity and/or external forces. According to one embodi-
ment, the equivalent joint torque computed by the exoskel-
eton control system does not account for generating the
control commands to produce the intended motion. Com-
pensation for gravity forces is important because a large
component of muscle torques required to execute many
tasks is due to compensation for gravitational loads from 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 exter-
nal forces such as interaction forces arising from human-
exoskeleton interaction, contact forces with the environ-
ment, reaction forces, applied forces, and gravitational
forces due to loads (e.g. a backpack) 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. According to one embodiment, if all
gravitational forces and external forces are compensated, the
exoskeleton controller can be viewed as a compensator that
maintains the system in static equilibrium. According to
another embodiment, if only forces due to gravity are
compensated, the exoskeleton assist actuators compensate
for the rate of change in potential energy.

[0033] An exoskeleton controller that performs selective
compensation for gravity and external forces leaves the CNS
control to execute commands that produce the muscle forces
required to compensate for the remaining static and kinetic
components of motion. The relegation of control according
to one embodiment of the present invention leaves the
responsibility of motion execution to the CNS/musculosk-
eletal system while the exoskeleton 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 implications 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. Shadmehr, 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, chapter 7, pp. 1117-1224,
MIT Press, 1995, which is incorporated by reference herein
in its entirety. By partitioning the human and exoskeleton
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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 impor-
tant role in how quickly humans can adapt to interaction
with the exoskeleton. Accordingly, one embodiment of the
present invention provides a clear partition between natural
voluntary control by the CNS, and artificial assist by the
exoskeleton controller.

Human-Exoskeleton System

[0034] A general human-exoskeleton system with a tree
structure has N segments, numbered i=I . . . N and a total of
n degrees of freedom, numbered d=I . . . n. Segments can
also be referred to as links. The system can have a fixed or
moving base, which can be considered the root node and
which can be numbered segment 0. A set of N joints connect
between the segments so that joint i connects segment p(i)
to segment i, where p(i) is the link number of the parent of
link 1 in the human-exoskeleton system. According to one
embodiment, segment numbers can be chosen so that p(i)<i.
For example, in the special case of an unbranched kinematic
chain, p(i)=i-1 and the segments and joints can be numbered
consecutively from the base to the tip. Segment i can have
a set of children defined by c(i)={j} according to equation 1.

c)={jp(H=t} M
[0035] FIG. 1 is a free body diagram of forces and
moments acting on an exemplary three-dimensional human-
exoskeleton system with a tree structure according to one
embodiment of the present invention. FIG. 1 shows an
isolated body segment i 100, connected at joint °C; 120 to a
parent segment p(i). The position of segment i center of
mass, referred to the base frame, is denoted by x; 110.
Segment i has a set of children, described by c(i)={j} while
only two children are depicted in FIG. 1 for purposes of
illustration, one skilled in the art will recognize that a body
segment may have more or less than two children. Vectors
can be referred to the global coordinate system {O}, and the
notation of leading superscript is used herein to indicate the
referred frame. The joint center connecting segment i to its
parent segment p(i) is described by vector °C, 120. Similarly,
the joint centers connecting segment i to its children seg-
ments c(i)={j} are described by vectors °C; ;, 130, and °C; ,
140 respectively. The position vectors from the center of
mass 110 to the joint centers are described by °L;; and °L;;,
respectively. The reaction force and moment couple exerted
on segment i 100 by a parent segment is described by vectors
°T; and °N,, respectively. Similarly, the reaction force and
moment couple exerted on segment i 100 by a child segment
is defined by -°T’; and —°N;, respectively. Let —°F;,, be the
k,, external force/moment vector exerted on segment i 100
at a point 150 described by the vector °L; , from the segment
center of mass 110.

A Human-Exoskeleton Controller Using the
Dynamics Equations of Motion

[0036] FIG. 2 is a flowchart illustrating a method of
determining assist torque for a human-exoskeleton system
from the dynamics equations of motion according to one
embodiment of the present invention. The techmques
described herein with reference to FIG. 2 can be applied to
open kinematic chains as well as closed kinematic chains.
The method starts by determining 200 dynamics equations
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of motion for a human-exoskeleton system. The equations of
motion for the human exoskeleton system actuated by
muscles spanning the joints and artificial assist actuators has
the general form shown in equation 2.

M(q)q+H(g.Q)q+Glg )+ T=T 4, @

[0037] In equation 2, the vector q represents the general-
ized coordinates, M is the inertia matrix, H describes the
effects of the coriolis and centrifugal torques, and G is the
vector of body segment gravitational torques. The vector T
describes the torques due to external forces such as inter-
action forces arising from human-exoskeleton interaction,
contact forces with the environment, reaction forces, applied
forces, and gravitational forces due to loads (e.g. a back-
pack) external to the human body. Equation 2 provides the
dynamics equations for a human-exoskeleton system having
external forces, for example a system forming a closed
kinematic chain, wherein T is not equal to zero. Alterna-
tively, by setting T equal to zero, equation 2 can also provide
the dynamics equations when there are no external forces.

[0038] According to one embodiment of the present inven-
tion, the dynamics in equation 2 does not include the effects
of friction in actuators, passive dynamics of ligaments and
tendons, and coupling dynamics of the human and exosk-
eleton. The right hand side of equation 2 represents the
totality of all active torques at a joint, including torques
generated from the voluntary contraction of muscle actua-
tors, denoted by T, and torques generated from artificial
actuators in an exoskeleton system, denoted by T, and
referred to herein as assist torques, assist controls, actuator
torques or equivalent joint torques. Their sum can be
referred to as the net joint torque, T,, as shown in equation
3. Note that the term torque, whether employed in the
singular or plural, denotes a torque vector comprising one or
more torques.

Ty =TT, 3)
[0039] The computation of actuator controls from the
system of equations 2 is inherently ill-posed because differ-
ent combinations of muscle torques and assist torques can
produce the same motion, or equivalently the same net joint
torque. To resolve the redundancy, one embodiment of the
present invention provides a control strategy that relegates
human-exoskeleton control into two distinct subsystems:
motion generation and equilibrium maintenance. According
to one embodiment of the present invention, control of
motion, also referred to as motion generation, 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.

[0040] According to one embodiment of the present inven-
tion, the exoskeleton system’s role is to generate joint
torques required to maintain the human-exoskeleton system
under static equilibrium. To generate joint torques required
for static equilibrium, the exoskeleton system determines a
set of torques, T,, that will balance selected external forces
and/or selected forces due to gravity. Inputs used to deter-
mine torques for equilibrium maintenance can include the
configuration of the body segments and/or measurements of
external forces.

[0041] According to one embodiment of the present inven-
tion, assist torques required to balance gravitational and/or
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external forces in a human-exoskeleton system can be
determined 202 from the dynamics equations of motion.
When there are no external forces (i.e. T=0 in equation 2),
the rate of change of the total body segment potential energy
with respect to the generalized coordinates describe the
equilibrium condition to balance gravity. Under this condi-
tion, one embodiment of the present invention comprises a
coupled human-exoskeleton control strategy that partitions
the dynamics into kinetic energy components and potential
energy components. The mathematical representation of this
partitioning is given by equations 4 and 5.

=Gy 4
T=M(@)3+H(g,0q )

[0042] Therefore, the control law for the assist torque T, in
equation 4 negates the effects due to gravity, and we can
refer to the control law of equation 4 as gravity compensa-
tion controller. According to one embodiment of the present
invention, artificial actuators in a human-exoskeleton system
can employ the control law in equation 4 to provide active
gravity compensation.

[0043] According to another embodiment of the present
invention, for a human-exoskeleton system with external
forces, for example a system forming a closed kinematic
chain, the equivalent joint torques required to compensate
for gravity and external forces can be determined using
equation 6.

T, =G(g+T 6

Selective Force Compensation using the Principle
of Virtual Work

[0044] Equation 6 describes an assist control law that
compensates for gravity and external forces according to one
embodiment of the present invention. In practical applica-
tions, the vector T, can have one or more zero elements
because not every degree of freedom is actuated in a
human-exoskeleton system. Further, it is sometimes desir-
able for a human-exoskeleton system to provide partial
compensation using an assist ratio that actuates a fraction of
the gravitational or external forces acting on a system.
Further still, it is sometimes desirable to determine an
equivalent joint torque due to one or more specific Cartesian
forces, such as specific external forces or gravitational forces
due to specific body segments. One embodiment of the
present invention determines equivalent joint torques for
partial compensation of selected Cartesian forces for one or
more actuated degrees of freedom using the principle of
virtual work. The flexibility to selectively compensate for
Cartesian forces has important implications for controller
design that is mechanically and metabolically efficient.

[0045] FIG. 3 is a flowchart illustrating a method of
determining an equivalent joint torque for selective and/or
partial compensation of gravity and external forces acting on
a human-exoskeleton system using the principle of virtual
work, according to one embodiment of the present inven-
tion. The method described herein with reference to FIG. 3
can be applied to open kinematic chains as well as closed
kinematic chains. The method obtains 300 anthropometric
and exoskeleton parameters to determine the equivalent joint
torque using the principle of virtual work. Anthropometric
and exoskeleton parameters may include body segment
center of mass locations, joint locations with respect to a
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body segment’s center of mass, and a body segment’s mass.
If external forces are being compensated for, measurements
of the selected external forces and application points of the
external forces are obtained 302 at each instant in time. The
current system configuration can be obtained 304 by mea-
suring or estimating generalized coordinates of the human-
exoskeleton system. For example, the configuration of
required degrees of freedom can be obtained 304 at each
instant in time, which can be used to perform online or real
time control of a human-exoskeleton system. The equivalent
joint torque for selective and/or partial compensation of
gravity and/or external forces is obtained 306 by determin-
ing the equivalent joint torque to partially or completely
compensate for one or more gravity forces, and determining
the equivalent joint torque to partially or completely com-
pensate for one or more external forces.

[0046] The control torque required to generate motion can
be relegated to muscle actuators that are activated by vol-
untary commands from the central nervous system; there-
fore, according to one embodiment of the present invention
determining 306 the equivalent joint torque for selective
and/or partial compensation of gravity and/or external forces
does not account for the control torque required to generate
the motion.

A. Selective Compensation for Gravity Using the Principle
of Virtual Work

[0047] According to one embodiment of the present inven-
tion, a method of determining an equivalent joint torque that
partially or completely compensates for the effects of gravity
due to one or more body segments of a human-exoskeleton
system is explained with reference to equations 7-16. Refer-
ring to FIG. 1, let x; 110 be the position of segment i 100
center of gravity, referred to the base frame. Let F_, be the
Cartesian gravity force acting at the center of gravity 110 of
segment i 100, defined by equation 7.

Fop=m;8 @)

cog=I0,
[0048] Inequation 7, m; is the segment mass of segment i
100 and g=[0 0-9:81]" is the vector representing the accel-
eration due to gravity referred to the global frame. The
differential kinematics can be expressed by equation 8,
wherein q, represents the generalized coordinate of degree
of freedom n. Note that one or more of the partial derivatives

Bx;
9qq

(for d=1 . . . n) on the right hand side of equation 8 can be
zero, such as when the position xi is not a function of a
particular value of q,.

Ox;  Ox; dx; ®)
pog 2
4> % qn

[0049] The vector form of equation 8 may be written as
equation 9, where J .., is a jacobian matrix described by
equation 10.
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¥ =J cog§ ]
J [Bx;] [Bx; dx; dx; (10)
“6 7 logl " 8g1 g, dg,

[0050] According to one embodiment of the present inven-
tion, from the principle of virtual work, the Jacobian matrix
may be used to relate Cartesian forces to equivalent joint
torques. The torque vector required to balance the effects of
gravity due to segment i 100 for all degrees of freedom can
be determined using equation 11.

ax; an
Gly = FlogiJeog; = m;gTa—q‘

cog;

[0051] According to one embodiment of the present inven-
tion, the scalar component of the gravity compensation
torque in equation 11 can be determined for a particular
degree of freedom d. To compute individual scalar torques
corresponding to element number d of the vector G*(i),
equation I 1 simplifies to equation 12.

ax; 12)
Gt = Feog Jicoe; ) = m"gT@

[0052] Inequation 12,7, (cog;,d) corresponds to column num-
ber d of J,,.. While equations 11 and 12 provide the gravity
compensation torque to balance the effects of gravity due to
a single body segment i 110, it is further desirable to
determine the joint torques required to balance the effects of
gravity due to multiple body segments, which can be defined
by the set . According to one embodiment of the present
invention, equation 11 can be modified to determine the
torque vector to balance the effects of gravity forces due to
one or more segments described by the set 1, as shown in
equation .13. For example, equation 13 with pu={1,3,5}
determines the vector of equivalent joint torques required to
balance the forces of gravity acting at the centers of mass of
segments numbered 1, 3, and 5. One embodiment of the
present invention performs selective compensation for
gravitational forces, wherein set u includes a subset of the
gravitational forces acting on the human-exoskeleton system
that are selected for compensation.

0x; (13)
T T T :
G(/l) = Z Fcogi Jcog; = Zm;g a—q
iep iep

[0053] According to one embodiment of the present inven-
tion, the equivalent joint torque required to balance the
gravitational forces acting at the centers of mass of all body
segments of an N segment system, for example G(q) in
equations 2, 4 and 6, can be determined using equation 13
by selecting p=(1, 2, . . . , N}. According to another
embodiment of the present invention, the equivalent joint
torque required to balance the gravitational forces acting at
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the centers of mass of all body segments of a system can be
determined using Lagrangian dynamics by taking the partial
derivative of the total system potential energy function U,
which is given by equation 14.

N (14)
U= Z m;ng;
i=1

[0054] One embodiment of the present invention deter-
mines the equivalent joint torque to partially compensate for
gravitational forces at selected body segments. The vector
G,, has dimensions nx1, where each entry represents the
torque required to balance gravitational forces of selected
body segments at a particular degree of freedom. Let T, , be
the nx1 vector of assist torques used to compensate for body
segment gravitational forces. According to one embodiment,
to compensate for gravity at every joint, the actuation system
controls n degrees of freedom with the control law given by
T, =G, According to another 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 every joint. Furthermore, for the actuated
degrees of freedom, it may not be desirable to generate an
assist torque that fully compensates for gravity. For these
reasons, a more practical gravity compensation control can
be achieved by pre-multiplying G, with a diagonal selection
matrix S,,, as shown in equations 15 and 16.

Tasr = Sy (15)
5 0 0 0 (16)
0 S 0 0
Ser= : .
0 0 - 0
0 0 08,
[0055] In one embodiment, the diagonal elements of S_,

represent assist ratios with values in the range [0,1]. For
example, we can assign sy=1 for full assist of an actuated
degree of freedom and s ;=0 for no assist or for an unactuated
degree of freedom.

B. Selective Compensation for External Forces Using the
Principle of Virtual Work

[0056] According to one embodiment of the present inven-
tion, a method of determining an equivalent joint torque that
partially or completely compensates for selected external
forces acting on a human-exoskeleton system is explained
with reference to equations 17-21. An external force can be
measured, for example, using sensors or force plates.

[0057] According to one embodiment of the present inven-
tion, the principle of virtual work can be used to determine
an equivalent joint torque required to balance any Cartesian
force, including gravitational forces as well as external
forces. As explained with reference to equations 9-12 above,
a Jacobian matrix can be constructed to transform a Carte-
sian force into an equivalent joint torque. Whereas the force
vector due to gravity is three dimensional and nonzero only
in the z direction, the external force vector can have as many
as six nonzero elements, consisting of three force compo-
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nents as well as three moment components. According to
one embodiment of the present invention, transformation of
a six dimensional force/moment vector from Cartesian space
to joint space comprises construction of a Jacobian matrix
having translational as well as rotational components.

[0058] One embodiment of the invention described below
determines an equivalent joint torque required to balance
translational (force) components of an external force.
According to a further embodiment, similar techniques can
be used to determine an equivalent joint torque required to
balance rotational (moment) components of an external
force. Alternatively, rotational components can be left out of
the calculations if they are unreliable.

[0059] Letf, represent the k™ external force exerted on the
system, where k=1 . . . m. Let p, be a vector from the base
frame to the application point of the k, external force.
According to one embodiment, the differential kinematics of
P can be expressed as shown in equation 17, where the
jacobian is defined by equation 18.

b= ‘]fk g an
0 py (18)
Jp = —
Tr dg

[0060] According to one embodiment of the present inven-
tion, the equivalent joint torque vector required to balance
the external force f, can be determined using equation 19.

Tao =iy, 19)
[0061] A further embodiment of the present invention
determines joint torques required to balance the effects of
multiple external forces from a set keh using equation 20.
One embodiment of the present invention performs selective
compensation for external forces, wherein set A includes a
subset of the external forces acting on the human-exoskel-
eton system that are selected for compensation.

T(7/-1) = Z fkTJfk (20

ked

[0062] Using techniques similar to those described above
with reference to equations 15 and 16, one embodiment of
the present invention determines the equivalent joint torques
to partially compensate for one or more external forces in
one or more degrees of freedom by pre-multiplying the
equivalent joint torques that balance the external forces by
a selection matrix S__, as shown in equation 21.

ext
T ext=extl ) (21

[0063] According to one embodiment of the present inven-
tion, equations 15 and 21 can be combined to determine 306
an equivalent joint torque for selective and/or partial com-
pensation of gravity and external forces, as shown in equa-
tion 22.

T, =S 3G 0+ STy 22)

[0064] As seen in equations 7-22, unlike conventional
model-based control schemes, compensation for gravity as
well as external forces according to one embodiment of the
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present invention is relatively robust to parametric uncer-
tainties because it does not rely on full knowledge of the
dynamic parameters such as segment inertias or joint fric-
tion. Further, embodiments of the present invention that use
the principal of virtual work are capable of performing
online or real-time control without the need for calculating
unreliable first and second order time derivatives of noisy
generalized coordinates.

[0065] One embodiment of the present invention for per-
forming partial compensation has been described above with
reference to equations 15, 16 and 21, wherein an equivalent
joint torque required to compensate for one or more Carte-
sian forces is multiplied by a selection matrix. Another
embodiment of the present invention performs partial com-
pensation of a Cartesian force by multiplying the Cartesian
force by one or more assist ratios before determining the
equivalent joint torque required to compensate for the Car-
tesian force.

Selective Force Compensation Using Recursive
Embodiments of a Human-Exoskeleton Controller

[0066] FIG. 4 is a flowchart illustrating a recursive
method of determining an equivalent joint torque for selec-
tive and/or partial compensation of gravity and external
forces acting on a human-exoskeleton system according to
one embodiment of the present invention. In describing
recursive embodiments, all vectors are referred to the global
coordinate system {O}, using the notation of leading super-
script to indicate the referred frame. Recursive embodiments
can be applied to open kinematic chains as well as closed
kinematic chains.

[0067] Given the chainlike nature of a human-exoskeleton
articulated body system, according to one embodiment of
the present invention Newton-Euler Mechanics can be used
to determine how gravity and external forces propagate from
one segment to the next. For example, recursive embodi-
ments can be used to solve for ankle or knee joint torques
that compensate for ground reaction forces under the feet,
wherein the joint torques are computed iteratively by first
determining the ankle joint torque followed by the knee joint
torque. According to one embodiment, recursive techniques
can be used to determine the equivalent joint torques
required to keep a human-exoskeleton system in static
equilibrium.

[0068] According to one embodiment of the present inven-
tion, recursive calculation of joint forces and moments can
be started at an end of the human-exoskeleton system that is
close to a joint at which an equivalent joint torque is desired,
thereby reducing the effects of model errors or uncertainty in
measurement of body segment parameters.

[0069] According to one embodiment of the present inven-
tion, to determine forces required to maintain static equilib-
rium in a human-exoskeleton system, we consider each link
in this structure assuming that no motion is allowed. The free
body diagrams of one or more successive links in the
structure can be considered and the force-moment balance
relationships can be expressed using Newton-Euler Mechan-
ics. Further, we can determine the torques to be applied
about a joint axis for the manipulator to be in static equi-
librium. Accordingly, we can solve for the joint torques
needed to support gravitational forces and/or external forces.
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[0070] The control torque required to generate motion can
be relegated to muscle actuators that are activated by vol-
untary commands from the central nervous system; there-
fore, one embodiment of a recursive method of determining
an equivalent joint torque for selective and/or partial com-
pensation of gravitational or external forces does not
account for the control torque required to generate the
motion.

[0071] Referring to FIG. 4, one embodiment of a recur-
sive method of determining an equivalent joint torque
obtains 400 anthropometric and exoskeleton parameters to
recursively determine the equivalent joint torque. Anthro-
pometric and exoskeleton parameters may include body
segment center of mass locations, joint locations with
respect to a body segment’s center of mass, and a body
segment’s mass. If external forces are being compensated
for, measurements of the selected external forces and appli-
cation points of the external forces are obtained 402 at each
instant in time. The current system configuration can be
obtained 404 by measuring or estimating generalized coor-
dinates of the human-exoskeleton system. For example, the
configuration of required degrees of freedom can be
obtained 404 at each instant in time, which can be used to
perform online or real time control of a human-exoskeleton
system.

[0072] Referring to FIG. 1, according to one embodiment
of the present invention, to compute the joint forces and
moments that compensate for gravitational and/or external
forces acting on a system with one or more body segments
such as segment i 100, the equilibrium conditions for
successive links are formulated, starting from the last link in
each branch and working inward toward the root segment.
One embodiment of the present invention recursively deter-
mines 406 joint forces and joint moments for selective
and/or partial compensation of gravitational and/or external
forces at successive joints using equations 23 and 24.

[0073] Equations 23 and 24 can be applied recursively at
successive links of the human-exoskeleton system, starting
with higher numbered links and moving towards lower
numbered links. In one embodiment, equations 23 and 24
are used to determine joint forces and moments at a first joint
before recursively determining joint forces and moments at
a second joint. Alternatively, equation 23 can be used to
determine joint forces at successive joints before recursively
determining joint moments at the successive joints using
equation 24.

@23)

°T; =[i l"j

Jjedli)

- aimig + Z b °F,
T

°N; = (Z ON; +°L; ; X °rj] =L X T+ Y Ly xby °F, (Y

Jeeli) k

[0074] According to one embodiment of the present inven-
tion, equation 23 is used to recursively determine the joint
force at joint °C; 120 to selectively compensate for gravita-
tional and/or external forces acting on the human-exoskel-
eton system. In equation 23, the term
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accounts for forces at joints adjacent to joint °C; 120, such
as the forces at joint °C;(,, 130 and joint °C;,, 140; the term
a, m,g accounts for the gravitational force acting at the center
of mass 110 of segment i 100; and the term

Z by °F,
X

accounts for external forces acting on segment i 100.

[0075] According to one embodiment of the present inven-
tion, equation 24 is used to recursively determine the joint
moment at joint °C; 120 to selectively compensate for
gravitational and/or external forces acting on the human-
exoskeleton system. In equation 24, the term

(Z N+ °L‘-,jx°rj]

=)

accounts for moments adjacent to joint °C, 120, such as the
moments at joint °C;,, 130 and joint °C;.,, 140; the term
oL; ;x°T; accounts for moment due to force °I';; and the term

Z °Lix X by, °F;,
%

accounts for moments due to external forces acting on
segment i 100.

[0076] According to one embodiment of the present inven-
tion, a; and b, are diagonal assist ratio matrices for partial
compensation of gravity and external forces respectively.
The matrices a; and b; can, for example, have diagonal
elements in the range [0,1], wherein a diagonal element with
a value of 1 indicates the selected gravitational or external
force is to be fully compensated, while a diagonal element
with a value of 0 indicates the gravitational or external force
is not to be fully compensated.

[0077] According to one embodiment of the present inven-
tion, equations 23 and 24 can be used for selectively
compensation of Cartesian forces, including gravitational
and external forces, acting on a human-exoskeleton system.
Cartesian forces selected for compensation are included in
the right hand side of equations 23 and 24 by premultiplying
the relevant terms with matrices a; and b, while undesired
forces can be excluded in equations 23 and 24 or pre-
multiplied with matrices a; and b, having values of zero.

[0078] Suppose the axis of rotation of the exoskeleton
actuator is in the unit direction defined by the vector °k;. One
embodiment of the present invention determines 408 the
equivalent joint torque for selective and/or partial compen-
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sation of gravitational and/or external forces by taking the
dot product of the joint axis vector with the moment couple
obtained from Equation 24, as shown in equation 25.

=Nk, @)

[0079] According to one embodiment, other components
of the coupling torque °N,T are either constrained by the
joint structure or compensated by the torques generated
through voluntary contraction of the muscles spanning the
joint.

[0080] As seen in equations 23-25, unlike conventional
model-based control schemes, compensation for Cartesian
forces using recursive embodiments is relatively robust to
parametric uncertainties because the computed assist
torques do not depend on parameters such as body segment
inertias and friction forces. Further, recursive embodiments
of the present invention are capable of performing online or
real-time control without the need for calculating unreliable
first and second order time derivatives of noisy generalized
coordinates.

Mechanical & Metabolic Feasibiltiy

[0081] Compensation for gravitational or external forces
may degrade efficiency for certain tasks in which the natural
dynamics of the system help the progression of motion. For
example, human gait is believed to be an efficient motion
due to the passive transfer of potential to kinetic energy from
gravitational forces. The primary source of energy for hip
flexion during the swing phase of gait is generated by gravity
effects; therefore, compensation for such forces may in fact
reduce efficiency. One embodiment of the present invention
assesses mechanical and metabolic costs associated with a
controller and determines analytical results that provide
insight into relative feasibility. This analysis is helpful in
determining which of gravitational and/or external forces in
a human-exoskeleton system should be compensated to
improve efficiency. Several controllers can be designed to
complement each other, depending on efficiencies as well as
stability.

[0082] According to one embodiment of the present inven-
tion, the mechanical energies can be used to quantify and
describe the efficiencies associated with a controller. At the
joint level, the product of net voluntary muscular moment,
T, and the joint angular velocity, Q, can be used to describe
the power generated by the muscles, as shown in equation
26.

P=t.Q (26)

[0083] Similarly, the net joint power can be described by
equation 27.

P,=t,Q 7

[0084] Evaluation of power output at the joint level over-
looks the presence of co-activation which has been experi-
mentally confirmed to have a role in stabilizing the muscu-
loskeletal system by enhancing the joint impedance. In other
words, the power equations described in Equation 26 and 27
do not account for simultaneous generation of power by one
muscle group and absorption by the antagonist group, or
vice versa. According to one embodiment of the present
invention, a more precise consideration of energy flow in the
system can be obtained by considering the power contribu-
tion of individual muscles, which helps to determine appro-
priate algorithms for assist control. According to one
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embodiment of the present invention, if the muscle force and
the rate of change of muscle length are known, the power
contribution of an individual muscle, p,,,, can be determined
from equation 28. In equation 28, f_ and 1 represent muscle
force and muscle velocity, respectively. It should be noted
that the muscle power at the joint level is not equivalent to
the sum of the power contribution of muscles that span it.

P.=ful (28)

[0085] Power is the rate of doing work. According to one
embodiment of the present invention, in order to calculate
work done, we can integrate power over a period of time.
The work done by the voluntary muscular action during a
period t, to t; can be determined using equation 29.

Woi=f TPt (29)

[0086] According to one embodiment of the present inven-
tion, the net mechanical work from the muscles and the
assist actuators can be determined using equation 30.

W=, Pt (30)

[0087] The power P, and work W, can be either positive
or negative. Positive work is work done during a concentric
contraction, when the muscle moment acts in the same
direction as the angular velocity of the joint. Concentric
contractions occur when the muscle contraction permits the
muscle to shorten. Negative work is work done during an
eccentric contraction, when the muscle moment acts in the
opposite direction to the movement of the joint. Eccentric
action occurs when a muscle is activated, but is forced to
lengthen due to a high external load.

[0088] It has been shown that eccentric contraction is
metabolically more efficient than concentric contraction. See
R. Wells, M. Morrisey, and R. Hughson, Internal and physi-
ological responses during concentric and eccentric cycle
ergometry, Eur. J. Appl. Physiol, 55:291-301, 1986; M.
Gagnon and G. Smith, Muscular mechanical energy expen-
diture as a process for detecting potential risks in manual
materials handling, J. Biomech., 24(3/4):191-203, Novem-
ber 1991, which are all incorporated by reference herein in
their entirety. Further, a larger muscle tension can be created
by the same activation level during eccentric action at a
particular muscle length and velocity than during concentric
action. According to one embodiment of the present inven-
tion, the metabolic cost (MC) of performing a task takes into
account the efficiencies associated with positive and nega-
tive work, as shown in equation 31.

e = wr oW (3D
vt
0089] Inequation31, W* represents concentric work, i.e.
q P

the work done when the muscles shorten, and W™ represents
eccentric work, i.e. the work done when the muscles
lengthen. The constants n* and n~ are the efficiencies asso-
ciated with concentric and eccentric action, respectively.
According to one embodiment of the present invention, at
the muscle level, the total metabolic cost of synergistic
action of m muscles can be obtained by integrating the
instantaneous total power and considering the higher meta-
bolic efficiency of eccentric action, as shown in equation 32.
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[0090] The computation of mechanical work or metabolic
work may be unable to resolve the metabolic cost of
isometric muscle action. In an unassisted human motion
involving isometric contraction against gravity, mechani-
cally there is no movement and therefore no mechanical
work is done. However, metabolically there is a cost. The
energy required to hold body segments against gravity
cannot therefore be determined using the muscle power or
joint power computations. Such energy is not negligible, for
example, in work-related lifting or carrying tasks where
loads are held momentarily against gravity or are carried
with a forward body lean for extended periods. One embodi-
ment of the present invention performs gravity compensa-
tion control, which intrinsically removes the metabolic costs
associated with isometric contractions against gravity.

Feasibility of Assist Torque

[0091] According to one embodiment of the present inven-
tion, one criterion for determining the feasibility of an assist
control algorithm is to consider the effect of the assist
control on metabolic cost. Equation 3 and equation 26 can
be combined to form equation 33.

P, =(1,-7,)Q (33)

[0092] If there is no assist, T,=0, muscle power is equal to
the net joint power, as shown in equation 34.

P,=P,7,=0 34

[0093] According to one embodiment of the present inven-
tion, we can consider the instantaneous assist torque to be
metabolically feasible if the instantaneous metabolic cost of
the assisted control is less than the instantaneous metabolic
cost of unassisted control, as shown in equation 35. In
equation 35, n_, and n,, represent the instantaneous metabolic
efficiency, depending on whether the instantaneous power is
positive or negative.

[Pl 1Pal (35)
LI

n n

[0094] According to one embodiment of the present inven-
tion, the analysis can be simplified by considering only the
mechanical cost of motion. By setting n,_=n_=1, equation 35
can be simplified to equation 36.

ol <fr 36)

al

[0095] According to one embodiment of the present inven-
tion, in terms of mechanical energy, pursuant to equation 36
the design of assist control should be such that the magni-
tude of the assisted muscle torques does not exceed the
magnitude of the unassisted muscle torque. According to
one embodiment of the present invention, the inequality
constraint in equation 36 can be expressed in terms of the
assist torque T, as shown in equations 37-38. Equation 37
follows from equation 3.
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[0096] Substituting equation 37 into Equation 36 yields
equation 38.

o=l </l (38)

[0097] According to one embodiment of the present inven-
tion, a necessary and sufficient condition to satisty equation
38 is to apply an assist torque that satisfies the inequality
constraint shown in equation 39. Therefore, a controller is
mechanically efficient if the condition in equation 39 is
satisfied.

O<t,<2t, T,>0 27, <1,<0 T,<0 (39)

[0098] According to one embodiment of the present inven-
tion, FIG. 5 shows the feasibility region for a mechanically
efficient controller that satisfies the criteria in equation 39. If
the plot of the assist torque versus the netjoint torque lies
within the feasibility region, the net muscle power at a joint
using an assisted human motion is less that an unassisted
muscle power. Therefore, we say the controller is efficient in
terms of mechanical power consumption.

[0099] Determining metabolic feasibility can be more
complicated than its mechanical counterpart because each
muscle may have a different efficiency index. Although the
efficiency index can be approximated by a constant number,
in reality the efficiency index may be a nonlinear function of
muscle parameters and system state variables. Furthermore,
these indices may vary from person to person. Ideally, the
metabolic cost of assisted joint motion should not exceed the
metabolic cost of the unassisted joint motion. According to
one embodiment of the present invention, the expression for
calculating metabolic cost is given by equation 32 and the
metabolic feasibility region can be constructed from this
equation.

[0100] According to one embodiment of the present inven-
tion, other criteria that can be considered for determining the
feasibility of an assist control algorithm include stability and
equilibrium maintenance. The loss of stability causes the
body to do much to regain its balance, which can be referred
to as an equilibrium reaction and which often occurs at the
expense of other motor skills such as minimizing mechani-
cal and metabolic energy. A countermeasure to loss of
stability can be one that forces the mechanisms responsible
for maintaining equilibrium to employ the musculature to
regain balance through body control. Evidence of stability
taking precedence over energy consumption is found in
increased joint stabilization by co-contraction of antagonis-
tic muscle pairs. The relative importance of stability can also
be subject specific and task specific. For example, stability
may be more important for the elderly than for young adults.

[0101] According to one embodiment of the present inven-
tion, feasibility experiments can be performed off-line for
selected tasks. Based on the feasibility results for one or
more selected tasks, we can determine which gravitational or
external force components should be compensated to pro-
vide efficient online exoskeleton control.

Simulation Results for an Ankle Foot Orthosis

[0102] One embodiment of the present invention uses an
ankle-foot orthosis (AFO) that is used to provide support,
stability, or replacement of lost function to the ankle. AFOs
can be utilized to resolve various problems related to bio-
mechanics of the lower extremities by compensating for
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muscle weakness in the foot and ankle and providing
stability. AFOs can aid several functions in ambulation,
including control of dorsiflexion/ plantarflexion in both the
stance and swing phases of gait, and they can also be used
to stabilize the ankle in the frontal and transverse planes
during balance and gait activities. In a recently developed
AFO, 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, Massachu-
setts 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 dynam-
ics. Ankle orthotics can also 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. One embodiment of the present invention can be
used to control an active AFO.

[0103] 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. The method proposed in Grood & Suntay
was used to determine the platerflexion/dorsiflexion axis of
rotation. See E. S. Grood and W. J. Suntay, A joint coordi-
nate system for the clinical description of three dimensional
motions: Application to the knee, Journal of Biomechanical
Engineering, 105:1 36144, 1983, which is incorporated by
reference herein in its entirety.

[0104] For purposes of this simulation, the axis of rotation
of the ankle orthosis is assumed to coincide with the
estimated platerflexion/dorsiflexion axis. The ground reac-
tion force and moment vector measured from the force plate
has three force components and one moment component in
the direction perpendicular to the plane of the force plate.
The vertical component of the ground reaction force was
used in the simulations. The tangential forces and all
moment components were set to zero to model sensors that
may be used for exoskeleton applications, such as an in-shoe
foot pressure and force sensor which can accurately estimate
the vertical component of the ground reaction force. Accord-
ing to one embodiment of the present invention, by neglect-
ing the shear components and the reaction moment, the
recursive computations of the assist torque using equations
23 and 25 resembles a controller that compensates for
gravity. However, while pure gravity compensation only
accounts for the static vertical ground reaction force, most
reaction force sensors incorporate the dynamic components.

[0105] The net planterflexion/dorsiflexion torque can be
computed using an inverse dynamics procedure, and repre-
sents the totality of the muscle torque and the assist torque
about the flexion/extension. Assuming an ideal model and
perfect sensory information with which the net joint torque
is computed, T, can be regarded as the “gold standard”
torque. According to one embodiment of the present inven-
tion, the net torque, In, and the assist torque, T,, about the
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planterflexion/dorsiflexion axis computed using Equations
23 and 25 are plotted in FIG. 6.

[0106] According to one embodiment of the present inven-
tion, the net ankle joint power, the ankle assist actuator
power, and the vertical component of the ground reaction
force are shown in FIG. 7. FIG. 7A is a graph comparing
the net ankle joint power versus the ankle assist actuator
power during a simulated cycle of gait according to one
embodiment of the present invention. FIG. 7B is a graph
showing the vertical component of the ground reaction force
during a simulated cycle of gait according to one embodi-
ment of the present invention.

[0107] In this gait simulation according to one embodi-
ment of the present invention, heel strike occurs at approxi-
mately t=0.2 seconds, at the time when the vertical ground
reaction force in FIG. 7B goes from zero to a positive
number. Toe-off occurs at approximately t=0.9 seconds, the
time when the vertical ground reaction force returns to zero.
FIG. 6 illustrates that, according to one embodiment of the
present invention, the assist torque accounts for the majority
of the total torque required during this task. Furthermore, as
shown in FIG. 7A and 7B, according to one embodiment of
the present invention the assist torques can contribute to the
majority of the power required to decelerate the body during
heel strike as well as the majority of propulsive power
required during toe-off.

[0108] FIG. 8 is a graph showing the ankle assist torque
versus the net joint torque at the ankle during a simulated
cycle of gait, compared with mechanical feasibility regions,
according to one embodiment of the present invention. FIG.
8 illustrates that a controller according to one embodiment
of the present invention falls within the mechanical feasi-
bility region for nearly the entire duration of the gait cycle.
Therefore, the power generated by the assist actuators’ is in
the same direction as the net power generated.

[0109] One embodiment of the present invention provides
a system for automatically controlling an exoskeleton actua-
tor at a joint of a segment in a human-exoskeleton system,
comprising first receiving means for receiving a system
parameter for the human-exoskeleton system, second receiv-
ing means for receiving a generalized coordinate for the
human-exoskeleton system, and first determining means for
determining an equivalent joint torque for the exoskeleton
actuator at the joint to compensate for a selected force.
According to one embodiment of the present invention, the
first determining means includes second determining means
for determining the equivalent joint torque for the exoskel-
eton actuator at the joint to maintain static equilibrium.
According to one embodiment of the present invention, the
first determining means includes second determining means
for determining the equivalent joint torque for partial com-
pensation of the selected force for one or more degrees of
freedom. According to one embodiment of the present
invention, the system also includes comprises means for
obtaining a selection matrix comprising an element repre-
senting an assist ratio for partial compensation of a degree
of freedom, and second determining means for determining
an assist torque for partial compensation of the degree of
freedom. According to one embodiment of the present
invention, the system also includes second determining
means for determining the feasibility of the system for
controlling the exoskeleton actuator.
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[0110] 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.

[0111] 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 an exoskeleton
actuator at a joint of a segment in a human-exoskeleton
system, comprising:

receiving a system parameter for the human-exoskeleton
system,

receiving a generalized coordinate for the human-exosk-
eleton system; and

determining an equivalent joint torque for the exoskeleton

actuator at the joint to compensate for a selected force.

2. The method of claim 1, wherein determining the

equivalent joint torque for the exoskeleton actuator at the
joint to compensate for the selected force comprises:

selecting a force acting on the human-exoskeleton system
for compensation; and

determining the equivalent joint torque for the exoskel-
eton actuator at the joint to compensate for the selected
force.
3. The method of claim 1, wherein the selected force acts
at one of:

a segment connected to the joint; and

a segment that is not connected to the joint.

4. The method of claim 1, wherein the selected force
comprises one of:

a gravitational force; and

an external force.

5. The method of claim 4, wherein the external force
comprises one of a reaction force, an applied force, an
interaction force, a contact force, and a static load.

6. The method of claim 1, wherein determining the
equivalent joint torque for the exoskeleton actuator at the
joint to compensate for the selected force comprises deter-
mining the equivalent joint torque for the exoskeleton actua-
tor at the joint to maintain static equilibrium.

7. The method of claim 1, wherein determining the
equivalent joint torque for the exoskeleton actuator at the
joint to compensate for the selected force comprises deter-
mining the equivalent joint torque for partial compensation
of the selected force for one or more degrees of freedom.

Nov. 2, 2006

8. The method of claim 1, further comprising:

obtaining a selection matrix comprising an element rep-
resenting an assist ratio for partial compensation of a
degree of freedom; and

determining an assist torque for partial compensation of

the degree of freedom.

9. The method of claim 1, wherein the equivalent joint
torque is determined recursively.

10. The method of claim 1, wherein determining the
equivalent joint torque for the exoskeleton actuator at the
joint to compensate for the selected force comprises recur-
sively determining one or more joint moments at one or
more successive joints until the joint is reached.

11. The method of claim 1, wherein the equivalent joint
torque is determined from a dynamics equation of motion.

12. The method of claim 1, wherein the selected force is
a gravitational force acting on the human-exoskeleton sys-
tem, and wherein determining the equivalent joint torque to
compensate for the gravitational force comprises determin-
ing a rate of change of potential energy of the human-
exoskeleton system.

13. The method of claim 1, wherein the equivalent joint
torque is determined using the principle of virtual work.

14. The method of claim 1, wherein determining the
equivalent joint torque for the exoskeleton actuator at the
joint to compensate for the selected force comprises con-
structing a Jacobian matrix to transform the selected force to
the equivalent joint torque.

15. The method of claim 1, further comprising determin-
ing the feasibility of the method of controlling the exosk-
eleton actuator.

16. The method of claim 15, wherein determining the
feasibility of the method of controlling the exoskeleton
actuator comprises determining whether an instantaneous
metabolic cost when the equivalent joint torque is applied to
the exoskeleton actuator is less than the instantaneous meta-
bolic cost without applying the equivalent joint torque to the
exoskeleton actuator.

17. The method of claim 15, wherein determining the
feasibility of the method of controlling the exoskeleton
actuator comprises:

determining, for a positive net joint torque, whether the
equivalent joint torque has a value greater than zero and
less than twice the net joint torque; and

determining, for a negative net joint torque, whether the
equivalent joint torque has a value less than zero and
greater than twice the net joint torque.

18. The method of claim 15, wherein determining the
feasibility of the method of controlling the exoskeleton
actuator comprises determining whether the equivalent joint
torque, when applied to the exoskeleton actuator, enhances
or degrades stability of the human-exoskeleton system.

19. The method of claim 1, further comprising determin-
ing whether the method of controlling the exoskeleton
actuator is mechanically efficient.

20. The method of claim 1, wherein the selected force is
selected for compensation based on a feasibility criterion.

21. The method of claim 1, wherein the joint is an ankle
joint and wherein the human-exoskeleton system comprises
an ankle-foot orthosis.

22. A system for automatically controlling an exoskeleton
actuator at a joint of a segment in a human-exoskeleton
system, comprising:
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first receiving means for receiving a system parameter for
the human-exoskeleton system;

second receiving means for receiving a generalized coor-
dinate for the human-exoskeleton system; and

first determining means for determining an equivalent
joint torque for the exoskeleton actuator at the joint to
compensate for a selected force.

23. The system of claim 22, wherein the first determining
means for determining the equivalent joint torque includes
second determining means for determining the equivalent
joint torque for the exoskeleton actuator at the joint to
maintain static equilibrium.

24. The system of claim 22, wherein the first determining
means for determining the equivalent joint torque includes
second determining means for determining the equivalent
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joint torque for partial compensation of the selected force for
one or more degrees of freedom.

25. The system of claim 22, further comprising:

means for obtaining a selection matrix comprising an
element representing an assist ratio for partial compen-
sation of a degree of freedom; and

second determining means for determining an assist
torque for partial compensation of the degree of free-
dom.
26. The system of claim 22, further comprising second
determining means for determining the feasibility of the
system for controlling the exoskeleton actuator.



