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(57) ABSTRACT

Disclosed herein is a control system for an exoskeleton haptic
device, having: a frame structure, to be coupled to the body of
a subject; actuators, carried by the frame structure and oper-
ableto cause movement of a number of joints of the body; and
sensors, coupled to the body to detect first signals indicative
of an intention of movement of the subject. The control sys-
tem is provided with: a feedback stage, controlling a position
of the joints based on a reference position; a feedforward
stage, controlling a compliance presented by the exoskeleton
haptic device to the subject based on the detected first signals;
and a combining block, combining outputs from the feedback
stage and feedforward stage in order to generate a driving
signal for the actuators, thereby imposing a controlled posi-
tion to the joints. This primary control action may also be
integrated with a posture equilibrium control, for controlling
postural equilibrium of the subject during the movement.
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SYSTEM FOR CONTROLLING AN
EXOSKELETON HAPTIC DEVICE FOR
REHABILITATION PURPOSES, AND
CORRESPONDING EXOSKELETON HAPTIC
DEVICE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority from European
Patent Application No. 09425130.3, filed Apr. 7, 2009, which
is incorporated herein by reference in its entirety.

TECHNICAL FIELD

[0002] The present invention relates in general to a system
for controlling an exoskeleton haptic device for rehabilitation
purposes, in particular for use in lower limb rehabilitation, to
which the following treatment will make specific reference
without however this implying any loss of generality.

BACKGROUND

[0003] As is known, rehabilitation is an important practice
to assist an infirm patient to recover full or partial neuromus-
cular or muscular control of a part of the body, limb or organ,
such as the arms or legs and related joints, such as hips, knees,
elbow, etc. It has long been shown that, even in patients who
have lost the ability to autonomously perform movements, the
execution of assisted movements of the part of the body to be
rehabilitated allows to recover first a neural control and then
a muscular control on that part of the body. For example,
rehabilitation of the lower limbs is required for recovery of
patients with post-stroke injuries or parkinsonian syndromes,
in order to regain or improve posture control and postural
equilibrium.

[0004] Rehabilitation requires in general execution of a
number of repetitive physical exercises involving the affected
limb, and assistance to the patient is needed during execution
of these exercises, particularly at the early stages of rehabili-
tation (when the patient has little control of the affected part
of'the body). Assistance to the patient is often provided manu-
ally by one or more therapists, but it is not always possible to
perform all the required exercises with the correct procedure.
[0005] Accordingly, rehabilitation systems and appara-
tuses have been designed, in the form of more or less complex
harnesses, for example adapted to be placed hanging from the
ceiling, that allow to support the weight of the patient and thus
help the same patient in the execution of the rehabilitation
exercises. However, these apparatuses are complex and
expensive and offer a limited amount of flexibility and modu-
larity in adapting to the specific needs of the various patients,
and, even more importantly, do not involve neurologically, as
well as physically the patient.

[0006] Recently, designing of exoskeleton devices has been
proposed as a promising solution for assisting patients during
rehabilitation treatments. Exoskeleton devices, including
supporting frames of motorized segments to be applied to the
patient, have indeed the potentiality to offer a versatile solu-
tion to be used by the patient in the execution of the different
repetitive rehabilitation exercises. However, designing of
such exoskeleton devices poses a serious challenge in terms
of their control logic, and reliable exoskeleton devices for
rehabilitation have not yet been designed and are still not
currently available.
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[0007] Indeed, research in the field of exoskeleton devices
has been focused mainly on strength augmentation in order to
boost the performances of the wearer, for example for mili-
tary or heavy work applications. These devices do not address
the problem of providing patient support and postural stabil-
ity, since they imply the presence of an able-bodied wearer.
[0008] In spite of many results in the field of postural equi-
librium of biped robotics, fewer studies in the field of reha-
bilitation have tackled the joint aspects of postural stability
(instead of strength) augmentation and patient compliance,
and the few exoskeletons proposed have shown evident limi-
tations and failed to address all the requirements and needs for
patient recovery, among which: an accurate position control,
in order to maintain the exoskeleton (and wearer) dynami-
cally stable or constrain it to follow a planned reference
trajectory; a controlled patient “compliance” (i.e. the capa-
bility to control the resistance perceived by the patient to
voluntary movements), in order to involve the patient in the
rehabilitation exercises and tutoring the improvements in the
patient abilities; and, either whenever dynamical exercises
are performed or quiet standing is maintained, a controlled
postural equilibrium, in order to interact with the patient for
maintaining or timely regaining equilibrium and correcting
any erroneous patient posture. In particular, the control sys-
tems that have been proposed for the known exoskeletons
have not proven sufficiently robust and reliable to accommo-
date all the above requirements.

SUMMARY

[0009] Theaim ofthe present invention is thus to provide an
improved exoskeleton device control system and a related
exoskeleton device, overcoming the limitations of known
exoskeleton devices for rehabilitation purposes and allowing
the various and different requirements and needs of a rcha-
bilitation treatment to be satisfied.

[0010] This aim is achieved by the present invention in that
it relates to a system for controlling an exoskeleton haptic
device for rehabilitation purposes, and to a related exoskel-
eton haptic device, as defined in the attached claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] For a better understanding of the present invention,
preferred embodiments, which are intended purely by way of
example and are not to be construed as limiting, will now be
described with reference to the attached drawings, wherein:
[0012] FIG. 1 is a schematic representation of an exoskel-
eton haptic device and of a related control system, according
to an embodiment of the invention;

[0013] FIGS. 2, 3a and 356 show the dynamic model of the
exoskeleton of FIG. 1, respectively in the sagittal plane, in the
frontal plane, and in a third configuration (step machine)
where the two planes are intermixed;

[0014] FIG. 4 shows the general block diagram ofa primary
closed loop of the control system: a control module for posi-
tion tracking and patient compliance;

[0015] FIG. 5 shows a schematic block diagram of a gen-
eral closed loop extended system in the presence of uncer-
tainty for robust H-infinite design, on which control module
of FIG. 4 is based;

[0016] FIG. 6 shows a block diagram of the extended sys-
tem embedding the requirements for the design of the primary
closed loop of FIG. 4 in the sagittal plane, according to a first
embodiment of the invention;
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[0017] FIG. 7 shows a block diagram of the extended sys-
tem of the primary closed loop of FIG. 4 in the sagittal plane,
according to a second embodiment of the invention;

[0018] FIGS. 8-11 show plot related to the achievable per-
formance of the primary closed loop in the control system;

[0019] FIG. 12 shows a block diagram of the extended
system for the primary closed loop of FIG. 4 in the frontal
plane;

[0020] FIGS. 13a and 135 are schematic representations of

the model of the patient body in different postures in the
frontal plane;

[0021] FIG. 14-16 show further plots related to the perfor-
mance of the control system in the frontal plane;

[0022] FIG. 17 is a schematic representation of the model
of the patient body in still a different posture involving both
frontal and sagittal planes;

[0023] FIGS. 184-18f'show further plots related to the per-
formance of the control system in the frontal plane;

[0024] FIG. 19 shows a block diagram of a secondary
closed loop, a control module for postural equilibrium con-
trol, superimposed to the primary closed loop of the control
system,

[0025] FIGS. 20-29 show still further plots related to the
performance of the whole control system with the module for
posture control enabled; and

[0026] FIG. 30 is a flow chart relating to operations for
designing the control system according to the invention.

DETAILED DESCRIPTION

[0027] Inthe following discussion, the expression “number
of mechanical degree of freedoms” will be used to denote the
number of independent generalized coordinates in a multi-
body system; with the expression “two degree of freedom
control” it will be referred to a closed loop control where both
disturbance insensitivity and reference signal tracking char-
acteristics for the outputs are independently specified and
achieved; the expression “mechanical impedance” will refer
to the linear transfer function between reaction forces/torques
returned by a mechanical system by imposing velocities/
angular velocities; and the expression “mechanical admit-
tance” will be used to denote the inverse of the mechanical
impedance.

[0028] As shown in FIG. 1, an embodiment of the present
invention provides an exoskeleton haptic device 1, designed
for rehabilitation of the lower limbs.

[0029] The exoskeleton haptic device 1 is adapted to be
worn by a patient 2 undergoing a rehabilitation treatment and
comprises a frame structure 3 (shown schematically) to be
coupled to the trunk and lower limbs of the patient 2 (FIG. 1
shows only the partto be coupled to the right leg of the patient,
but an altogether similar part is intended to be coupled to the
left leg of the patient).

[0030] The frame structure 3 includes: an upper arm 4,
coupled to the thigh of the patient 2 and extending substan-
tially parallel to the femur; a lower arm 5 coupled to the leg of
the patient and extending substantially parallel to the tibia;
and a back support element 6a coupled to the trunk of the
patient 2. The lower arm 5 is coupled to a foot rest 6b,
supporting the foot and sole of the patient, via an ankle joint
7 and to the upper arm 4 via a knee joint 8; the upper arm 4
ends at a hip joint 9, connected to the back support of the
trunk. The ankle, knee and hip joints 7, 8, 9 allow the relative
movement between the foot rest 65, lower arm 5, upper arm 4
and back support; in particular the ankle and hip joints 7, 9
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have two degrees of freedom, for rotations in the sagittal and
frontal plane, while the knee joint 8 has a single degree of
freedom, for rotation in the sagittal plane. Actuators, e.g.
electric motors 10, are coupled to each one of the ankle, knee
and hip joints 7, 8, 9, and are operable to control their move-
ments in the sagittal plane; electric motors 10 on either left
and right hips are also operable to control movements in the
frontal plane (as will be described in more details in the
following).
[0031] A control unit 12 is coupled to the exoskeleton hap-
tic device 1 and implements a control algorithm for driving
the electric motors 10 at the various joints, thus controlling
the exoskeleton movement. Preferably, the control unit is
implemented by a processing unit (such as a microprocessor,
a DSP unit, or a similar unit provided with processing and
computing capabilities), executing a suitable set of software
instructions.
[0032] The control unit 12 is supplied by a suitable power
supply unit 13 (e.g. including rechargeable batteries) and
receives at its input: bioelectrical signals, in particular EMG
(Electromyographic) signals (more specifically surface EMG
signal, i.e. detected on the skin surface), indicative of the
patient intention and strength of movement, from bioelectric
sensors 14 coupled to the patient lower limbs and placed on
the muscles involved in lower limb movement (in FIG. 1, for
reasons of simplicity of depiction only a sensor is shown,
placed on the thigh); position and velocity signals from posi-
tion/velocity sensors 16, for detection of angles of the ankle,
knee and hip joints 7, 8, 9; reaction force sensors 17, posi-
tioned on the exoskeleton foot rests 65 and configured to
detect the reaction forces imparted by the ground and the
center of these reaction forces; and, during single stance, the
coordinate of the free foot derived from the kinematics that
links the foot rest 64 to the ground.
[0033] Control unit 12 processes the input signals and,
based on the implemented control algorithm, outputs suitable
driving commands for the electric motors 10, in particular
indicative of the torque that is to be applied to the ankle, knee
and hip joints 7, 8, 9.
[0034] Advantageously, the control unit 12 and power sup-
ply 13 are designed to be light-weight and to be carried by the
patient; for example, suitable electronics circuitry imple-
menting the control unit 12 is housed in a belt around the
waist of the patient.
[0035] However, in a firstembodiment of the present inven-
tion, the exoskeleton haptic device 1 is a substantially station-
ary exoskeleton not intended for walking exercises, as the feet
are connected to the ground through a kinematical linkage,
with limited freedom, so that they can be slightly lifted, but
otherwise are not allowed to exit from the frontal plane or
rotate, to avoid the fall of the patient. Specifically, the exosk-
eleton is configured to perform three kind of exercises:
[0036] sagittal plane coordination: with both feet on the
ground, left and right ankles, knees and hips are acti-
vated in pairs in the sagittal plane; it allows postural
exercises like sit-to-stand and stand-to-sit transitions;
[0037] frontal plane coordination: transitions from
double to single stance posture, with fixed knees, by
shifting the weight of the patient from one foot to the
other and then raising the free foot activating in the
frontal plane the two hips; and
[0038] intermixing sagittal and frontal plane coordina-
tion (like a step machine): similar to the previous exer-
cise, but, contemporaneously to the hips in the frontal
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plane, a partially constrained free foot of a free leg is

raised activating knee and hip in the sagittal plane (with

three degrees of freedom).
[0039] The first two exercises can also be activated contem-
poraneously and independently, such as maintaining equilib-
rium during a quiet posture standing, or reaching limits of
equilibrium in the sagittal or frontal plane, or recovering from
externally imposed disturbances.
[0040] FIGS. 2, 3@ and 35 show a link-segment represen-
tation for modeling the mechanical behaviour of the lower
limbs of the patient, represented as a skeleton with rigid
fixed-length limbs and perfect pivot joints, respectively in the
sagittal and frontal planes; the control algorithm that will be
discussed in detail in the following is based on this dynamic
model.
[0041] The dynamic model possesses up to six degrees of
freedom and is composed of two independent elements: a
triple inverted pendulum in the sagittal plane, having three
degrees of freedom, actuating the movement, in pairs, of
ankles, knees and hips of the patient; and a switched system in
the frontal plane with two configurations of a multiple pen-
dulum in the form of a parallelogram or open quadrilateral,
according to the phase of double or single stance, having one
to three degrees of freedom, actuating both right and left hips
and, in the single stance position, eventually also the ankle of
the sustaining foot. Activities on the two planes can operate
contemporaneously independently, but they can, also, be par-
tially intermixed, lifting the coupling between the two legs, as
in the case (step machine) when the free foot knee and hip of
the sagittal plane are activated during frontal plane exercises.
The control approach is common for the two planes, however
sagittal and frontal planes have peculiarities that will be spe-
cifically dealt with by the control. The mixed case belongs to
the realm of the frontal plane control.
[0042] Indetail, FIG. 2 shows the ankle, knee and hip joints
7, 8,9, considered in pairs; joint angles, as measured by the
position/velocity sensors 16, are denoted with 6, (0, for the
ankle joints 7, 0, for the knee joints 8 and 0, for the hip joints
9), while g, denotes the generalized coordinates of the links,
related to the joint angles 0, (q,=0, is associated to the leg,
q,=0,+0, to the thigh and q;=6,+0,+0; to the trunk of the
patient 2). Moreover, C,, denotes the motor torques applied
by the electric motors and C, the patient torques exerted at the
three joints (for reasons of simplicity, FIG. 2 only shows the
torque applied at the ankle joints 7); ZMP represents the
position of the so-called Zero Moment Point (i.e. the coordi-
nate along the x axis at which the sum of all reaction torques
acting on the soles of the feet are zero), COG represents the
x-axis coordinate of the center of gravity of the patient body
and F, denotes the ground reaction force directed along the z
axis.
[0043] FIG. 3a only shows the ankle joints 7 and hip joints
9, since knee joints 8, have not freedom in the frontal plane; 6,
still denotes the angle for the ankle joint 6, while 08, and 6,
here indicate the joint angles at the left and right hip joints 9,
respectively. As in FIG. 2, the position of the Zero Moment
Point ZMP, center of gravity COG on the y axis and reaction
force F, are also depicted.
[0044] FIG.3badds, withrespectto FIG. 3qa, freedom of the
hip and ankle joints of the free foot in the sagittal plane, whose
respective joint angles are denoted with 6, and 6.
[0045] The control unit 12 is configured to implement a
feedback position control to maintain the exoskeleton haptic
device 1 dynamically stable in a vertical steady state position,
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or to constrain it to track a planned reference trajectory like a
sit-to-stand transition in the sagittal plane, or a “waving”
movement in the frontal plane involving shifting the weight of
the patient from one foot to the other, followed by lifting the
free foot, acting, either, on the left and right hips alone or
involving also knee and hip of the free foot on the sagittal
plane.

[0046] Independently from this position control, by exert-
ing an effort with his leg muscles the patient is able to move
the exoskeleton joints, in so doing, experiencing an elastic
reaction from the position imposed by the feedback position
control, with stiffness dynamically and directionally con-
trolled by the control unit 12 exploiting the EMG signals
detected from the leg muscles by the bioelectric sensors 14.
This controlled “compliance” is used to obtain neurological
involvement of the patient in the exercises and for tutoring the
improvements in the patient abilities (the control will be set
stiffer at the beginning, and softer at the end of the training,
and progressively varied along these two limits), for helping
the patient to maintain postural equilibrium or for addressing
the patient movements directionally. In particular, vectorial
control of the compliance allows to select one of the previous
exercise configurations for rehabilitation.

[0047] Furthermore, according to a further aspect of the
present invention, the control unit 12 will also implement a
postural equilibrium module, superimposed to the position
with compliance control module, interacting with the patient
to maintain equilibrium or to regain equilibrium correcting
any erroneous patient posture.

[0048] The control unit 12 will address the whole issues of
position tracking, operator compliance, dynamical stability
and postural equilibrium augmentation in a bipedal exoskel-
eton. In particular, if the above elastic reaction is soft, the
patient will achieve whole compliance and he will be able to
move substantially at pleasure—just having his gravity load
alleviated by the control—until he reaches the limits of pos-
tural equilibrium, where the postural equilibrium module will
intervene to stop him/her. On the other side, if a stiff reaction
is imposed, the patient will be bounded to any reference
position/trajectory that is applied to the exoskeleton haptic
device 1 and his/hers actions will be considered by the control
as a pure disturbance. By properly adjusting the control prop-
erties between these two limit conditions, it will be possible to
closely follow the patient recovery during the rehabilitation
treatment.

[0049] As will be discussed in detail in the following, the
control unit 12 achieves the above results implementing: a
first closed loop control for position and/or trajectory control
(and patient compliance) based on joint angle position and
velocity measures, computed with a H-infinite linear, fixed
parameter or gain scheduling, multivariable robust control
design with two degrees of freedom, using EMG signals from
the lower limb muscles as measures of the intention of move-
ment and strength of effort of the patient to offer compliance;
and a second closed loop control superimposed to the first one
for postural equilibrium, controlling the Zero Moment Point
ZMP based on Lyapunov stability theory and the Jacobian
function of the Center of Gravity (COG), based on the reac-
tion forces detected from the reaction force sensors 17 on the
foot rest 64 of the exoskeleton haptic device 1.

[0050] FIG. 4 shows a general block diagram of the first
closed loop control (hereinafter defined as primary closed
loop control and denoted with 20) implemented by the control
unit 12. Its structure generally applies independently to either
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sagittal, frontal planes or mixed solutions. For clarity, the
sagittal plane, as an example, is disclosed in the following.
[0051] The primary control loop 20 receives at input a
vector of EMG signals y, (detected by the bioelectric sensors
14) as a measure of the patient torques C, (in particular
including the torques exerted by the patient at each of the
ankle, knee and hip joints 7, 8, 9) and thus indicative of the
efforts measured from the patient, and a vector of reference
joint angles 8, , indicative of the desired position and/or
trajectory imposed by the control to the ankle, knee and hip
joints 7, 8, 9 (according to the rehabilitation exercise to be
performed).

[0052] The EMG signals y,,, as a measure of the patient
torques C,, acts as a Feed-Forward control within the primary
control loop 20 and is thus fed to a feedforward block 21,
whose output enters a combiner block 22 (in particular an
adder block).

[0053] The vector of reference joint angles 6,,,is instead
exploited for position tracking in the feedback loop within the
primary control loop 20 and accordingly enters a further
combiner block 23 (in particular a subtractor), also receiving
at its input (in particular the subtractive input) a vector of
measures y, in particular a six dimensional vector of joint
angle (0) and velocity (8) measures associated to the ankle,
knee and hip joints 7, 8, 9, and outputs a combination thereof
(in particular a subtraction between the reference joint angles
8,,-and the measured joint angles in the measure vector y).
[0054] This combination enters a feedback control block
24, whose output is fed to the combiner block 22, to be added
to the output of the feedforward block 21.

[0055] The output of the combiner block 22 represents the
input signals u,, (in particular driving voltages) to be supplied
to the electric motors 10 in order to generate motor torques
C,,, and enters the joint patient and exoskeleton non-linear
dynamic system 25. The output of the non-linear dynamic
system 25 is the vector of measures y, which, as previously
discussed, is feedback towards the combiner block 23.
[0056] Joint angles 6 and joint velocities ® are directly
obtained from measures y; moreover, from measures y and
from the reaction forces measured by reaction force sensors
17, center of gravity COG and zero moment point ZMP for
the patient-exoskeleton system (in particular their movement
along the x axis with reference to the sagittal plane, or y axis
for the frontal plane) are jointly estimated and provided as
output (as shown schematically in FIG. 4).

[0057] Within the control algorithm, the primary control
loop 20 guarantees robust stability in the presence of nonlin-
earities, unmodeled dynamics, parameter mismatching, and
offers compliance to the operator while allowing joint angles
tracking capability, as well as disturbance rejection. Refer-
ence joint angles 8, -drive the joint angles so that they track
desired position trajectories, while EMG signals y,, as a
measure of the patient torques C,, enable controlled compli-
ance with respect to the patient; in fact they allow to move the
exoskeleton joint angles in the neighbors of the desired ref-
erences (0,,,) with a desired and controllable visco-elastic
impedance felt by the patient (the controlled compliance). In
particular, the possibility to act independently on the compli-
ance at the various (ankle, knee and hip) joints allows to
achieve a vectorial control of the compliance in order to direct
the patient to execute the desired exercise (and prevent spu-
rious movements): for example, during frontal plane coordi-
nation exercises, knee movements will be blocked by stiffen-
ing the elastic impedance felt by the patient.
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[0058] In general, control design is achieved through Hin-
finite control theory: the compliance, in the form of admit-
tance or impedance control with position feedback, is
approached as a two degree of freedom control design with
the EMG signals (representing a measure of the patient effort)
as an input, and joint angle position and velocity as measured
output. Basically, patient efforts are treated as measured dis-
turbances to be accounted for by the control loop according to
the desired compliance.

[0059] Inaper-seknown manner (as discussed for example
in K. Zhou, J. C. Doyle, and K. Glover “Robust and Optimal
Control”, Prentice Hall, 1996), and as shown in the schematic
block diagram of FIG. 5, in the Hinfinite approach the whole
control problem is represented as a four gates (two inputs and
two outputs) system, with disturbances (w) and commands
(u) at the inputs, and objectives (z) and measures (y) at the
outputs. This model is usually referred to as the “extended
system” (ES) of the control design. The Hinfinite norm from
disturbances w to objectives z of the closed loop (in the
presence of a controller G_(s)) offers a measure of achieve-
ment of the specifications, of robust stability and of the per-
formances in the presence of uncertainties (represented by A).
The design technique synthesizes the closed loop controller
G(s), graphically depicted in FIG. 4, from measures y that
maximize or guarantee the required performance and robust-
ness.

[0060] The configuration in the sagittal plane is now
described in detail.

[0061] The linearized model dynamics in the sagittal plane
(as represented in FIG. 2) at the equilibrium point is given by
the expression:

JG+Bg-mgbg+w=B(C, +C)
wherein:
q is the three dimensional vector of generalized coordinates

(the inertial or attitude rotational coordinates at the exoskel-
eton joints) related to the vector of measured joint angles 6 by:

B is the input torque matrix, defined by:

o o -
o = |
—
|
- o
—_—

J is the 33 inertial matrix, [} the damping matrix, mgb rep-
resents the gravity forces, w is a noise vector accounting for
the unmodeled Coriolis forces, C,, are the motor torques
applied by the electric motors 12 and C, the patient torques.
[0062] Moreover, the desired visco-elastic reaction offered
by the controlled exoskeleton haptic device 1 to the patient 2
at each joint is of the type (desired stiffness and viscosity):

Bo®otkoBoi=Col, =1, ..., 3

i.e. having stable dynamics with elastic behavior of desired
stiffness k,,; and viscosity f,; decoupled between each joint.
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[0063] Based onthe above models, the extended system for
designing the Hinfinite two degree of freedom control of the
exoskeleton haptic device 1 providing admittance control is
obtained; the schematic block diagram of this extended sys-
tem is shown in FIG. 6.

[0064] In detail, the extended system receives at input the
following disturbances (denoted with w in the generalized
Hinfinite system model depicted in FIG. 5): the vector of
patient torques C, (that are measured by the EMG signals y,,
detected by the bioelectric sensors 14); measurement noises
no, n, respectively associated to EMG noise and joint angle
position and velocity measure noises; noise w,, representing
the uncertainty introduced by the non-linearities of the sys-
tem; and torque disturbances t. In particular, the various dis-
turbances enter the extended system directly or multiplied by
suitable multiplicative factors (as is shown in detail by the
block diagram in FIG. 6), which are chosen according to the
characteristics of the specific exoskeleton haptic device 1 that
is being controlled.

[0065] The input signals u,, to be supplied to the electric
motors 10 (in order to generate the motor torques C,,) are
received at input as controls (denoted with u in the system
model depicted in FIG. 5).

[0066] The extended system provides at output the vector
of measures y from the exoskeleton, the vector of the EMG
signals y,, and the following objectives (denoted with z in the
system model depicted in FIG. 5): an admittance sensitivity
objective z,, penalizing the error between desired and
achieved angular joint positions resulting from the patient
torques C,, (it thus sets the sensitivity to modeling errors of the
admittance perceived by the patient); a disturbance sensitivity
objective z,,, relative to the sensitivity of the controlled out-
puts to torque noises t and operable to set the loop gain (i.e. the
capability to reject disturbances and track reference signals);
a non-linearity objective z,, which takes into account the
robustness of the control in face of system non-linearities; and
noise objectives z,,, Z,,,, Z,;, penalizing control activities in
face of the respective measurement noises no, n (EMG noise,
joint position and velocity noises).

[0067] According to the extended system, the vector of
patient torques C, is first processed in a patient dynamics
block 30, containing time constants of the patient muscle
response, and then fed to a visco-elasticity block 31, where it
is multiplied by a diagonal matrix of the desired visco-elastic
reaction to be experienced by the patient at each joint:

1
iscoElasticity = d
viscoElasticity 1ag(k0 " ,305]

k, and B, being the desired stiffness and viscosity, respec-
tively, in the patient admittance.

[0068] The visco-clasticity block 31 thus represents the
integral of mechanical admittances, and compliance is
achieved as an admittance control, where the viscoElasticity
matrix sets the desired transfer function between patient
torques C, and desired patient joint angles, denoted with 6,,.
[0069] The vector of patient desired joint angles 0, is input
to a combiner block 32, which also receives at input the
difference between the vector of measured joint angles 6 and
the vector of reference joint angles 8, (this subtraction being
computed in combiner block 33). The output from combiner
block 32 is then fed to a weighting block 34, where it is
multiplied by a diagonal matrix W of weighting functions
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setting the desired loop gain, disturbance sensitivity, admit-
tance tracking and frequency bandwidth for the feedback
loop:

w—d‘g( h]
R VIS

wherein h sets the loop gain and its inverse the steady state
sensitivity, and A (rad/sec) the loop bandwidth (i.e. an indi-
cation of the frequency up to which the control performances
are guaranteed).

[0070] Admittance sensitivity objective z, and disturbance
sensitivity objective z,, are obtained at the output of the
weighting block 34.

[0071] The vector of motor torques C,, is first processed by
amotor dynamics block 35 starting from the input signals u,,,,
containing time constants of the electric motors 10, and then
fed to a combiner block 36 where it is added to the vector of
patient torques C,, as outputted by the patient dynamics block
30.

[0072] The result of this combination enters the model of
linearized dynamics in the sagittal plane of the patient-exosk-
eleton system.

[0073] In particular, the output of combiner block 36 (i.e.
the total mechanical torque) is multiplied, in a processing
block 37, by the input torque matrix B (previously defined),
and the result of this multiplication enters a combiner block
38, whose subtracting inputs receive the expression fg—-mgbq
computed in processing block 39, and, respectively, the non-
linearity noise w, multiplied, in processing block 40, by a
matrix J; accounting for the variation of the inertial matrix J
due to nonlinearities, according to the model of inverse mul-
tiplicative uncertainty:

JAY =+ T ATt

wherein I, is the inverse of the inertial matrix J in nominal
conditions, J,A represents the uncertainty in the inertial
matrix, and | is the identity matrix. In this respect, the present
Applicant has experimentally shown that uncertainty on the
sole inertial matrix J is sufficient to guarantee the desired
robust stability of the controller and desired tracking preci-
sion of joint angles in all nonlinearity conditions.

[0074] The output from combiner block 38 is then multi-
plied by the matrix J,™* in processing block 41, and then
integrated twice (in integrator blocks 42 and 43, series con-
nected) in order to obtain the first derivative of the vector of
generalized coordinates ¢, at output from integrator block 42,
and the vector of generalized coordinates q, at output from
integrator block 43.

[0075] Through multiplication by the previously defined
matrix M, the vector of measured joint angles 0 and the vector
of measured joint velocities @ are obtained, respectively in
processing block 44 and in processing block 45, which are
then combined through a multiplexer 46 to obtain at output
the vector of measures y.

[0076] The objective of the control design is a feedback
control of the motor torques C,,, from measures y and mea-
sured EMG signals y,, such that for arbitrary patient torques
C, the error between desired and achieved angular positions is
maintained small, according to an Hinfinite operator norm, in
face of the uncertainty (represented by A in the previous
expressions). In particular, the double result is achieved to
impose angle position and/or trajectory and to control patient
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compliance. This will force the controlled system to behave
between the two limit conditions (set by the value assigned to
the parameter k_, in the design) represented by a full compli-
ance to the patient torque C, and a full tracking of the refer-
ence joint angle 6, according to the desired viscoElasticity
(defined in the visco-elasticity block 31) that will be physi-
cally perceived by the patient as a visco-elastic reaction.
[0077] Advantageously, a control minimizing the closed
loop Hinfinite norm of the extended system of FIG. 6 can
easily be computed through mu-synthesis (in a per-se known
manner, here not described in detail).

[0078] An altogether similar approach can be adopted to
design an extended system with impedance control, as shown
in the schematic block diagram of FIG. 7.

[0079] The extended system of the primary control loop
(here denoted with 20") differs from the one previously dis-
cussed only in that the visco-elasticity (admittance) block 31
is replaced by an impedance block 48, which receives at input
the difference between the vector of measured joint angles 0
and the vector of reference joint angles 8, from combiner
block 33 and the vector of measured joint velocities @, and
outputs a resultant torque. In this case, the difference between
the torque applied by the patient and the torque resulting from
the desired impedance is kept small by the control system.
[0080] FIGS. 8-11 show the results (obtained via simula-
tions) achievable with the primary control loop control 20 in
term of the closed loop transfer functions. The results are
based on a realistic case study where the following param-
eters were used:

1
Ji= Em;b‘-z; my = 10 kg, mp =20 kg, m3 =50 kg, b; = 0.6 m;

B =5 Nms/rad
w, =10 rad/s

k=1e?

[0081] In particular, FIG. 8 shows the achieved closed loop
admittance in reaction to the patient torque. It is possible to
achieve a very high gain (20 rad/N-m) in the ratio between
patient torques and joint angles, i.e. the patient will experi-
ence a very soft reaction from the exoskeleton haptic device 1.
The closed loop behavior follows very closely the desired
curve (dashed line) in the frequency band where the control is
active (set by the above defined A parameter), in spite of the
uncertainties and nonlinearities. In other words, a desired
admittance (or impedance) is specified and substantially
achieved based on the physical limits of the control and the
bandwidth of the feedback loop that can be realistically
obtained. Indeed, the achieved admittance diverges from the
desired one only outside the loop bandwidth, while inside this
frequency band the result is fairly insensitive to modeling
errors.

[0082] FIG. 9 shows the plot of the output sensitivity to
external torque disturbances t. Various sources of distur-
bance, as well as undesired tilting movements of the patient,
are strongly rejected, so that the desired posture position is
preserved also in the presence of external disturbance actions
(it compares very favorably to patient compliance, shown in
dotted line).

[0083] FIGS. 10 and 11 show, respectively, the classical
loop sensitivity to output disturbances ad reference tracking
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transfer functions, underlying again that the loop gain related
to the joint angles has a good insensitivity to disturbances and
a good tracking capability on any configuration of nonlinear-
ity (whose spread is represented in the figures).

[0084] The control model in the frontal plane will now be
discussed in greater details.

[0085] Themain feature of the frontal plane model is that of
switching between two configurations, according to the
single or double stance phase. For this purpose, a gain sched-
uling technique is adopted (as discussed for example in Ger-
omel, Colaneri, Bolzern “Dynamic Output Feedback Control
of Switched Linear Systems”, IEEE Transactions on Auto-
matic Control, Vol. 53, No. 3, April 2008).

[0086] During the double stance phase, the exoskeleton
haptic device 1 can be considered as a parallelogram modeled
by an inverted pendulum, with a single degree of freedom.
[0087] Inthis phase, the control scheme envisages control-
ling the ZMP/COG y coordinate, or better the rate of vertical
reaction forces on the two feet. Starting from a perfect bal-
ance with the y coordinate of COG at the mid-point between
the two feet, by controlling both hip torques (as shown in FI1G.
2) the COG is moved on either the left or right foot, and
accordingly the ground reaction forces on the other foot are
brought to zero. At this point the control switches from double
to single stance.

[0088] As for the sagittal plane, the admittance of the
patient at the hip joints 9 is controlled. When vertical reaction
forces are zeroed on one foot and this is freed from the
ground, the control model switches to an open quadrilateral
with up to three degree of freedom dynamics.

[0089] Indouble stance the control problem is trivial and it
is not further detailed. Single stance, vice versa deserves
greater attention.

[0090] In this case, if the supporting ankle joint 7 is actu-
ated together with the two hip joints 9, the control scheme for
the frontal plane becomes similar to the one in the sagittal
plane, previously discussed.

[0091] However, the Applicant has observed that: differ-
ently from the sagittal plane, where equilibrium has to be
preserved all the time, the exercise in the frontal plane is such
that the patient is not expected to maintain equilibrium on
single stance for a long time, but simply to briefly lift the free
foot. Given the small width of the foot, the ZMP position is
not expected to move along the y axis, as it does for the x axis,
and can be simply kept at the foot center (ankle coordinate).
[0092] For this reasons, the Applicant has realized that an
under-actuated control using the two hip torques as the sole
controls can be implemented, leaving the supporting ankle
free. The Applicant has shown that the system is controllable
by the torques at the two hip joints 9, and dynamical stability
can be guaranteed by state feedback.

[0093] As discussed for the frontal plane, a two degree of
freedom control is again implemented, in order to allow the
patient, based on the detected EMG signals, to move the free
foot along desired vertical and horizontal coordinates. The
patient will fill the free foot elastically attracted to its standing
position, being able, nevertheless, to move it (according to the
stiffness imposed by compliance control).

[0094] The Applicant has also noted that in this case
dynamical stability is equivalent to postural stability, as the
COG and ZMP are automatically imposed by dynamical sta-
bility of the feedback not to leave the ankle abscissa, and a
module for postural control (as will be described in the fol-
lowing with reference to the sagittal plane) is not strictly
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needed. In particular, in this case a postural control module is
absent with the exception of an inhibitor function (as
explained hereinafter) that freezes compliance when an erro-
neous action of the patient sends the state dynamics to the
limits of equilibrium.

[0095] FIG. 12 shows the extended system (here denoted
with 20") for the robust control in the case of the under-
actuated solution in the frontal plane, adopting a two degree
of freedom control design. The same reference numerals are
used to denote elements similar to others previously defined.
It is underlined that there are some structural (but not con-
ceptual) difference in the extended system with respect to the
sagittal plane, as a variant of the extended system has been
tested here.

[0096] It is immediately apparent that an approach alto-
gether similar to the one discussed with reference to FIG. 6 is
implemented for controlling compliance towards the patient
through the bioelectric EMG signals. The measured EMG
signals y, are indeed used to evaluate the vector of patient
torques, here constituted of only two components (represent-
ing the left and right hip joints 9), still denoted with C,, which
is then fed to the patient dynamics blocks 30 and to a desired
admittance block 50 (altogether similar to the viscoElasticity
block 31 of FIG. 6); the desired admittance block 50 models
the admittance of the exoskeleton haptic device 1 and pro-
vides at output the desired y and z coordinates for the patient
free foot, denoted with yz,,. The vector of desired patient y and
z coordinates yz, is input to combiner block 32, which also
receives at input the difference between the measured coor-
dinates yz (estimated from the kinematics linking foot rest to
the ground and the joint angles) and the reference coordinates
YZ,.r for the same free foot, in turn computed in combiner
block 33. The output from combiner block 32 is then fed to the
weighting block 34, where it is multiplied by the diagonal
matrix W of weighting functions, imposing the desired
requirements for the sensitivity of the tracking error on the
position of the free foot and on the admittance control.

[0097] Uncertainties enter the extended system in the form
of both gain and dynamics multiplicative uncertainties,
described by the pairs z,, w, and z,, w;.

[0098] The vector of coordinates yz is the output of the
linearized exoskeleton model. In particular, controls u to the
model are here represented by driving velocities of the elec-
tric motors 10 of the hip joints 9. Indeed, the two electric
motors 10 at both hip joints 9 are preliminarily closed in a
local velocity loop, where velocity gain block 52 represents
the velocity controller.

[0099] The outputofthe velocity gain block 52 is processed
by a state variable model 53, linearization of the nonlinear
system, with the following states: the supporting ankle, left
and right hip joint angles, the two legs and trunk angular
velocities. In this model, B (block 54) is the input torque
matrix, A (block 55) is the coefficient matrix, related to the
integrator block 56 (including six integrator blocks 1/s). From
the states, block 57 (denoted with C2) derives the hip joint
angles velocities for closing the internal velocity loop feed-
back. Block 58 (denoted with Cyz2) offers, instead, the y and
7 coordinates of the free foot, that, after comparison with the
reference coordinate yz,,, originate the admittance control
requirements, setting the difference with the desired admit-
tance.

[0100] Again, the controller is synthesized with mu-syn-
thesis applied to the described extended system.
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[0101] FIGS. 13a and 136 show, respectively, a single
stance position on the right foot with COG on the sustaining
foot, and the position resulting from a command to raise and
move externally the free foot of about 4 cm along both the z
and y axes.

[0102] FIGS. 14-16 show time plots of quantities related to
a transition from double to single stance, occurring after
second 3, followed, after second 4, by the command to raise
and move externally the free foot; afterwards, the system
automatically compensates an external bell-shaped distur-
bance corresponding to a maximum torque of 10 Nm on the
standing ankle at about second 8. This shows the robustness
of the stability (postural equilibrium) in face of external or
internal disturbances.

[0103] In particular, FIG. 14 shows the time plot of the hip
joint angles (the continuous line corresponding to the right
hip joint 9 and the dashed line to the left one); FIG. 15 shows
the time plot of the displacement of the free foot along the z
axis (continuous line) and the y axis (dashed line); and FIG.
16 shows the time plot of the COG (continuous line) and ZMP
(dashed line) position (along the y axis) taking as reference
the coordinate of the standing foot.

[0104] From FIGS. 14-16, the transition from double to
single stance (COG and ZMP moving from the center point
between the two feet to the center of the sustaining foot,
conventionally assumed at coordinate 0), the switching of the
control after second 4 with a displacement of the free foot
from its original position along the y and z axes, and the
perturbation introduced by the automatic control for compen-
sating the ankle torque disturbance may all be noted.

[0105] The possibility of acting on the knee joint 8 and hip
joint 9 to raise the free foot during single stance enters in the
realm of the frontal plane control. The extended system of
FIG. 12 also applies for this configuration. Inputs u now
control the two hips on the frontal plane to maintain equilib-
rium and the hip and knee of the free foot on the sagittal plane
to raise the foot.

[0106] According to the freedom allowed by the kinematics
adopted for binding the foot to the ground, several situations
can occur, in which the foot is free to: shift in all three
coordinates X, y and z; translate along the z coordinate, only;
rotate on the tip, only. The dynamical models change slightly
but the substance remains invariant with respect to the
extended system of FIG. 12, the model ranging from five to
three degrees of freedom according to the binding of the foot.
[0107] FIG. 17 schematically shows the body model in a
single stance equilibrium, with the elevation of the free foot
being controlled by the knee joint 8.

[0108] FIG. 18a shows the x,y, and z coordinates of the free
foot, in the case in which the free foot can translate along all
three coordinates x, y and z (and the control has five degrees
of'freedom). In particular, the z coordinate is represented with
a dotted line, the x coordinate with a continuous line and the
y coordinate with a dashed line. Starting from second 2, the
exoskeleton is in single stance; afterwards, starting from sec-
ond 3, lifting of the free foot is performed.

[0109] FIG. 185 shows the plots (obtained via simulation)
of'the COG (continuous line) and ZMP (dashed line) position
along the y axis during the transition from double to single
stance, followed by the perturbation introduced during lifting
of the free foot.

[0110] FIGS. 18¢-18f relates to the case in which the free
foot is constrained to move along the 7z axis, only (and the
control has only three degrees of freedom).
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[0111] Indetail, FIG. 18¢ shows the behaviour in the frontal
plane of the ankle (dashed-dotted line), left hip (dashed line)
and right hip (continuous line). After a transition from double
to single stance, the free foot is raised vertically of about 0.1
m after second 3; then, the control compensates a bell shaped
torque disturbance at second 6 on the sustaining ankle.

[0112] FIG. 184 shows the behaviour in the sagittal plane of
the hip (dashed line) and knee (continuous line).

[0113] FIG. 18e shows the plot of the z coordinate of the
free foot after the request of raising; the effect of disturbance
after second 6 is evident.

[0114] FIG. 18f shows the plots of the COG (continuous
line) and ZMP (dashed line) position along the y axis, and in
particular their perturbation as a consequence of the distur-
bance.

[0115] According to a further aspect of the present inven-
tion, that will now be described in detail, a second closed loop
control may be superimposed to the primary control loop 20,
in order to achieve postural equilibrium. This is discussed
specifically, as an example, for the sagittal plane.

[0116] In fact, in order to guarantee postural equilibrium
not only the primary closed loop dynamical system must be
stable, but also the vertical force reaction of the pavement on
the feet must remain inside the section of the supporting sole,
during any postural transition or in response to external dis-
turbances; otherwise the equilibrium is lost.

[0117] In steady state, the point at which the pavement
reaction is applied is located at the x coordinate of the COG,
which in turn is a nonlinear function of the joint coordinates
and can be reliably computed therefrom. In dynamical con-
dition, this reaction point is displaced from the COG by a
nonlinear function mostly dependent on the COG accelera-
tions. The reaction point is the above defined Zero Moment
Point, ZMP, i.e. the x coordinate where the sum of all reaction
torques acting on the soles of the feet is zero.

[0118] In order to guarantee postural equilibrium during a
postural transition obtained as a result of the action of the
primary control loop 20 (for position tracking and operator
compliance), the body joints (and as a consequence the COG
position) have to be controlled in order to maintain the ZMP
(whose position is denoted with p, ) in a region of postural
equilibrium; for example, in the sagittal plane this region is in
the range -0.05 m<p,,»<0.25 m along the x axis, assuming
the ankle x coordinate as the origin.

[0119] The control technique adopted to achieve postural
equilibrium control is based on three elements, each of which
will be discussed in detail: the linearized inverted pendulum
dynamics; a control law to preview or maintain in real time
the ZMP on a given trajectory; and the Jacobian function of
the COG, linking joint angle velocities @ to the velocity of the
COG along the x axis.

[0120] The expression, adopting the linearized inverted
pendulum to represent COG and ZMP positions, is the fol-
lowing (a pure triple integrator from the COG jerk as input
(the jerk being the third derivative of the position):
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-continued
X

pzp=[10 —z./g]-| %
5

where z,. is the approximate z coordinate of the COG, g is the
acceleration of gravity, X is the position of the COG along the
x axis, v is the COG jerk in the x direction that steers the COG
evolution, and p, - is the above defined position of the ZMP.
[0121] Actual COG position is obtained from measured
joint angles 0 (using kinematics in a per-se known manner,
here not described in detail), and the ZMP coordinates are
measured from the pavement reaction force on the sole. Alter-
natively the position of the ZMP can be obtained through the
following expression:

Cm + Cot

Pzmp = — F,

where the expression C,,;+C,, represents the total torque on
the ankle joints 7, i.e. the sum of the measured motor torque
C,,, atthe electric motor 10 and the patient torque C,;; and F,
is the vertical reaction force on the sole measured by the force
sensors 17.

[0122] In order to impose a desired reference trajectory
Pzase, to the ZMP during a planned postural transition, the
COG trajectory:

Xy
P

must be computed in advance using a preview controller (see
e.g. Shuuji KAJITA, Fumio KANEHIRO, Kenji KANEKO,
Kiyoshi FUITWARA, Kensuke HARADA, Kazuhito YOKOI
and Hirohisa HIRUKAWA “Biped Walking Pattern Genera-
tion by using Preview Control of Zero-Moment Point”, Pro-
ceedings of the 2003 IEEE International Conference on
Robotics & Automation Taipei, Taiwan, Sep. 14-19, 2003);
instead, in a stationary position both p, ., and x, are set to
zero or to a fixed value. In particular, in order to guarantee
correct tracking of the ZMP position, the COG must antici-
pate the ZMP response; this is the reason why a preview
control is envisaged. In any case, preview is practical in
rehabilitation exercises, as these are preplanned or periodic.
[0123] Accordingly, estimated values for the COG trajec-

tory:

R

=i

and for the ZMP position P, are estimated in real time
using a Kalman filter from actual COG and ZMP positions
measured from the sensors associated to the exoskeleton hap-
tic device 1, using the linearized inverted pendulum model.



US 2010/0256537 Al

[0124] Starting from these estimates, a velocity control of
the COG is computed through the following feedback expres-
sion:

X COGdes ™tk (%,~ %)~k D gD z84P)

where X, 15 the desired velocity of the COG set by the
control. The desired position X, 18 Obtained by time
integration of the previous expression.

[0125] According to an aspect of the present invention, this
desired position X-ogaes 1 translated into a perturbation of
the reference joint angles 6, (in the primary control loop 20 to
guarantee ZMP tracking and consequent postural equilib-
rium. This is obtained using the Jacobian of the COG.
[0126] In particular, the coordinates of the COG are linked
to joint angles 8 by a nonlinear function f:

[Xcoc

icoc

}= f1, 02, 65)

[0127] The Jacobian of the COG is defined as the linear
relationship between measured joint velocities ® and COG
coordinate velocities:
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where J is the matrix of partial derivatives of function f with
respect to 0:
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[0128] Given a trajectory for the joint angles 0, and conse-
quently joint velocities 6, a velocity of the COG coordinates
thus results. Vice versa, one of a possible set of joint velocities
@ can be computed from the desired X 54, through the
pseudoinverse of Jacobian J.

[0129] Usually, there is redundancy between joint angles 0
and the only one coordinate of the COG of interest, i.e. the x
coordinate, so it is possible to exploit this redundancy to
achieve, along with the desired trajectory of the COG (and
equivalently of the ZMP) for postural stability, constraints in
the movements of the joints, in order to force the patient along
desired joint trajectories (as previously discussed for the pri-
mary control loop 20); e.g. this redundancy can be exploited
to enforce well know ankle or hip strategies for maintaining
equilibrium.

[0130] The perturbation of the reference joint angles 0,,,
(denoted with 88, ) is obtained using Proportional Derivative
(PD) feedback from the desired X - 7.s Ad X - oG4 ZiVen by
the previous expression, with the following equation:

6ere/:JX+ (kX cocaesth it cocaes)

where J,* is the pseudoinverse of the x component of the
matrix J, and k, and k,, are gains of the Proportional Deriva-
tive PD feedback of the posture stability control loop (or
secondary control loop).
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[0131] Selection of the feedback parameters appearing in
the previous expressions will be dictated by tracking perfor-
mance and overall stability. In particular, from a theoretical
point of view, the choice of the feedback gains guaranteeing
stability of this secondary control loop is dictated by the
Lyapunov function theory (as recently discussed in Youngjin
Choi, Doik Kim, Yonghwan Oh, Bum-Jae You “Posture/
Walking Control for Humanoid Robot Based on Kinematic
Resolution of CoM Jacobian With Embedded Motion” IEEE
TRANSACTIONS ON ROBOTICS, VOL. 23, NO. 6,
DECEMBER 2007 1285). In practice, the Applicant has
found that tuning of these parameters, allowing to guarantee
that the interaction of primary and secondary control loop
preserves stability, may be achieved by the small gain theo-
rem and experimental tracking performance evaluation.
[0132] The complete block diagram resulting from the
combination of the primary control loop 20, guaranteeing
dynamic stability, patient compliance and joint angle track-
ing, and the secondary control loop, denoted with 60, for
postural equilibrium control, is depicted in FIG. 19 (where
the same references are used to denote the elements of the
primary control loop 20, here not described again).

[0133] Summarizing what has been previously discussed,
the secondary control loop 60 includes a preview controller
61, which receives at input the desired reference trajectory
Pz, for the ZMP and position and velocity of the COG
computed in advance for a given exercise, and compare them
in combiner block 62 with the estimated values of the COG
trajectory:

R

=

and of the ZMP position p,,», outputted by a state estimator
block 64 implementing a Kalman filter and receiving at input
the actual measured COG and ZMP position values at output
from the primary control loop 20.

[0134] The output of combiner block 62 is then fed to a
posture feedback block 65, implementing the above dis-
cussed feedback expression for the desired velocity X oG aess
the output of this posture feedback block 65 enters a process-
ing block 66, configured to compute the (previously defined)
pseudo inverse of the Jacobian; and the output of the process-
ing block 66 is fed to a PD compensator 68, which outputs the
perturbation 86, .

[0135] Perturbation 86, ,is then inputted to a further input
of'the combiner block 23, to be combined with reference joint
angles 6,,-and measured joint angles 6.

[0136] Moreover, along with the described postural con-
trol, that adapts joint angles independently from the patient
actions and joint references in order to maintain equilibrium,
an inhibitor of the EMG signal input (and of the Feedforward
control) is provided, based on the measured ZMP, in order to
bind the freedom of the patient when equilibrium limits are
reached. In particular, an inhibition block 69 is included in the
primary control loop 20, receiving at input the measured ZMP
position and outputting an inhibition command for the feed-
forward block 21, in order to temporarily inhibit the role of
the EMG signals y,, (and patient torques C,) in the overall
control system. This inhibitor temporarily increases the stift-
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ness in the desired admittance present in the compliance
control. This action allows to dynamically control patient
compliance.

[0137] FIGS. 20-29 show simulation results where the
exoskeleton haptic device 1, modeled by a three links nonlin-
ear dynamics in the sagittal plane (see FIG. 2), is controlled
for a transition from stand-to-sit and sit-to-stand and, in so
doing, the center of weight is shifted from the ankle to the tip
of the feet coordinate, and then back to the ankle.

[0138] In particular, FIG. 20 shows the plots of the gener-
alized coordinates q (link attitude angles measured in degree)
during a transition from a standing to a sitting position on a
chair and back to the standing position, for the ankle joints 7
(continuous line), the knee joints 8 (dashed line) and hip
joints 9 (dotted line).

[0139] FIG. 21 shows the effect of the postural equilibrium
module and in particular the time plots of the COG position
(continuous line), ZMP position (dashed line) and reference
(desired) trajectory for the ZMP (dotted line); the zero corre-
sponds to the position of the ankle abscissa. During the tran-
sitions, the postural control operates to bring the ZMP from
the ankle abscissa to the center of the foot and back, and
proper perturbations by the postural control are added to the
reference angle trajectories (as it is evident from the ZMP
behavior that tracks fairly accurately the reference). The tra-
jectory of the COG anticipates, through the preview control,
the actual path followed by the ZMP, so as to guarantee a
correct tracking.

[0140] FIGS. 22 and 23 show plots similar to those of FIG.
20 and, respectively, FIG. 21: the same transitions are shown,
but where postural control is inhibited.

[0141] While the generalized coordinates q associated to
the limb movements (FIG. 22) show small differences with
respect to the case of FIG. 20, FIG. 23 clearly evidences that
equilibrium is lost (the patient falling on his back) because of
unaccounted swings of the ZMP position (which exceeds the
inferior equilibrium threshold, shown at -0.05 m from the
ankle abscissa).

[0142] In a second example, the joint references for the
transition are erroneously chosen.

[0143] FIG. 24 shows the resulting COG and ZMP plots
when postural control is deactivated, and the fact that equi-
librium is lost (the patient falling down in front of him/her),
due to the ZMP position exceeding the upper equilibrium
threshold, shown at 0.25 m from the ankle abscissa.

[0144] Onthe contrary, FIG. 25 shows that also in this case
the action of the postural control allows to maintain the equi-
librium, operating to correct the improper joint trajectories.
[0145] In a third example, during the imposed transitions,
an erroneous patient action is simulated, in particular the
action of pushing the ankle forward.

[0146] As shown in FIGS. 26 and 27, without posture con-
trol, the patient clearly looses the equilibrium (the equilib-
rium threshold is clearly exceeded).

[0147] On the contrary, as shown in FIGS. 28 and 29, the
action of the postural control intervenes to recover and pre-
serve postural equilibrium controlling the knee and hip joints
8, 9 to automatically correct the erroneous angle at the ankle
joints 7 imposed by the patient.

[0148] The steps for designing the control of the lower limb
exoskeleton haptic device 1, guaranteeing dynamic stability,
compliance with the patient and postural equilibrium are
synthesized in FIG. 30.
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[0149] In a first step, denoted with 70, the three linearized
dynamical models of a triple inverted pendulum in the sagittal
plane, an open/closed quadrilateral in the frontal plane and
the mixed (frontal-sagittal plane) solution are dimensioned
according to the anthropometric data of the patient and the
mechanical data of the exoskeleton haptic device 1. As it has
been shown previously, this step is not critical, as the
described robust control design easily accommodates
approximations.

[0150] In a second step, denoted with 72, the desired per-
formance requirements of the control system are specified,
among which: viscoelasticity of the reaction (and the associ-
ated properties of the compliance experienced by the patient),
sensitivity to disturbances, tracking capabilities, allowable
control activity (in particular, by regulating the control
weighting functions it is also possible to enforce ankle or hip
strategy for posture control, as it is well know by physiothera-
pists to happen to human beings). All these data are synthe-
sized in the resulting extended system for robust control
design. The compliance properties of the control may advan-
tageously be adjusted as the physiotherapy treatment pro-
ceeds, in order to follow the recovery and the improvements
of the patient.

[0151] In a third step, denoted with 74, the closed loop
control is synthesized with a technique of mu-synthesis from
the extended system, and satisfaction of the specifications is
tested through the resulting Hinfinite norm of the extended
system in closed loop.

[0152] The preview controller and feedback control for
posture control of'the ZMP position are precomputed, as they
only depend (in a per-se known manner) on the height of the
barycenter of the patient. However, in a fourth step, denoted
with 76, a tuning is performed of the feedback parameters of
the equilibrium module, along with the PD controller param-
eters, in order to fit to the primary control loop 20; this tuning
is done using Lyapunov theory and the small gain theorem to
avoid interferences between the internal and external control
loops and guarantee stability.

[0153] In afifth step, denoted with 78, exercises according
to the protocol defined by a physiotherapist are pre-pro-
grammed, and the exoskeleton haptic device 1 and the asso-
ciated control system are ready to be applied to the patient for
rehabilitation.

[0154] From the foregoing description, the advantages that
the exoskeleton haptic device and the related control system
allow to achieve may be immediately appreciated.

[0155] In particular, it is again underlined that a dynami-
cally stable system is provided, which is able to track desired
positions and trajectories, to maintain postural equilibrium
and to interact with the operator/patient, offering a controlled
compliance, using a two degree of freedom control design.
The desired mechanical reaction felt by the patient is accu-
rately controlled, via the direct detection of bioelectrical sig-
nals, in particular EMG signals. Since the patient torques act
as an additive input disturbance with respect to the exoskel-
eton position control, it is possible to adjust the control design
from a stift control (where disturbance is strongly rejected,
i.e. the operator is strictly bounded by the control) to a relaxed
control (where the patient experiences a very little constric-
tion from the exoskeleton). The possibility to statically and
dynamically control patient compliance advantageously
allows to stimulate neural plasticity for patient recovery.
[0156] The architecture of the exoskeleton and the rehabili-
tation exercises are conceived to guarantee parsimony in the
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design; in particular, each control configuration handles an
average of only three degrees of freedom, reaching at most
five degrees of freedom.

[0157] The advantage of the disclosed control approach is
that of fully exploiting the power of feedback. Once a control
loop robustly stabilizes a non-linear system with a proper
frequency band, it greatly reduces nonlinearity effects and the
sensitivity on parameter uncertainty and unknown distur-
bances. An unreliable inverse dynamics, as generally done in
other known approaches, to evaluate patient torques or even
gravity contributions is not any more needed to activate the
joints under action of reference signals or patient efforts,
since this is naturally achieved by the feedback action.
[0158] Hinfinite robust control theory, through the defini-
tion of the extended system, offers a systematic way to pose
requirements for the control problem and, once admissibility
has been tested through Hinfinite norm for the given class of
problems, to generate with a straightforward algorithm (mu-
synthesis) a solution for a specific set of parameters.

[0159] Moreover, the solution of exploiting an exoskeleton
for postural training with a dynamically controlled vectorial
compliance (in particular with legs moving jointly in the
sagittal plane, or movements on the frontal plane, or finally
emulating a step machine, as previously discussed) has
proven to be particularly advantageous for rehabilitation pur-
poses.

[0160] Finally, it is clear that numerous modifications and
variants can be made to the present invention, all falling
within the scope of the invention, as defined in the appended
claims.

[0161] In particular, it is clear that the exoskeleton haptic
device may also be used (with suitable modifications) for
position control and compliance in controlling the movement
of'the upper limbs or other parts of the body, without requiring
substantial modifications in the control system.

[0162] Indeed, the disclosed control system may be
employed for a number of different exoskeleton haptic
devices with different degrees of freedom. For example, a
similar control design, but controlling independently the two
legs and freeing the feet from the ground, may be extended for
walking exercises (in this case the exoskeleton will have up to
twelve degrees of freedom).

[0163] As it has been previously underlined, the secondary
control loop for postural equilibrium may not be present, in
all the situations in which equilibrium is not an issue during
the execution of the desired rehabilitation exercises.

[0164] Moreover, the intention of movement of the patient
may also be determined from other output measures; for
example, it may be determined directly or indirectly based on
measures of joint angles and forces exchanged between the
patient and the exoskeleton frame structure.

[0165] Clearly, modifications may be made to the exoskel-
eton device as shown in FIG. 1. For example, the exoskeleton
haptic device 1 could be of the monoleg-type, i.e. having both
legs coupled to a same (one-piece) support structure. This
simple arrangement may be useful to perform transitions
between fixed positions, such as the sit-to-stand and stand-to
sit transitions in the sagittal plane.

1. Control system for an exoskeleton haptic device, said
exoskeleton haptic device having:
a frame structure, configured to be coupled to the body of
a subject;
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actuator means, carried by said frame structure and oper-
able to cause movement of a number of joints of said
body; and

first sensor means, coupled to said body and configured to
detect first signals (y,) indicative of an intention of
movement of said subject, characterized by comprising:

a feedback stage, configured to control a position of said
joints based on a reference position (6,,,) and joint posi-
tion and velocity measures (6,8);

a feedforward stage, configured to control a compliance
presented by said exoskeleton haptic device to said sub-
ject based on the detected first signals (y,); and

combining means, configured to combine outputs from
said feedback stage and feedforward stage in order to
generate a driving signal (u,,) for said actuator means,
thereby imposing a controlled position (8) to said joints.

2. The control system according to claim 1, wherein said
feedback stage and feedforward stage are operable to gener-
ate an elastic reaction felt by said subject starting from said
controlled position (8), and to modify a stiffness and/or a
viscosity of said elastic reaction to achieve a control of said
compliance for rehabilitation purposes.

3. The control system according to claim 1, wherein said
feedback stage and feedforward stage are operable to imple-
ment a primary closed loop according to a two degree of
freedom control design for position and compliance control;
said two degree of freedom control design being solved with
an H-infinite approach, whereby, measuring a subject effort
(Cp) through said first signals (y,), subject compliance is
embedded inside a position control loop.

4. The control system according to claim 3, wherein said
feedforward stage includes an admittance/impedance block
configured to control the admittance/impedance response of
said exoskeleton haptic device with respect to the subject
effort (C,); said compliance being achieved through said
admittance/impedance control.

5. The control system according to claim 1, wherein said
first signals (y,) are bioelectrical signals, in particular EMG
signals, detected from muscles of said patient involved for the
movement of said joints.

6. The control system according to claim 1, wherein said
feedback stage and feedforward stage are configured to
implement a primary closed loop for control of said position
of said joints and of said compliance; further comprising a
secondary closed loop, operatively coupled to said primary
closed loop for control of postural equilibrium of said subject
during said movement.

7. The control system according to claim 6, wherein said
secondary closed loop is configured to generate a perturba-
tion (86,,) of said reference position (8,,,) at input of said
feedback stage such as to maintain said postural equilibrium.

8. The control system according to claim 7, wherein said
exoskeleton haptic device is further provided with second
sensor means configured to detect reaction forces imparted by
the ground to said subject; wherein said secondary closed
loopis configured to: implement an inverted pendulum model
of'said exoskeleton haptic device; estimate, through a Kalman
filter, the position of the ZMP—zero moment point—of said
body, i.e. the point at which the resultant of the torques
associated to said reaction forces is zero, and the position of
the COG——center of gravity—of said body, based on the
signals detected by said second sensor means; and determine
a value of said perturbation (86,9 based on Lyapunov stabil-
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ity theory, such that said ZMP position is maintained in a
region of postural stability controlling said COG position.

9. The control system according to claim 8, wherein said
secondary closed loop includes an estimator block configured
to determine said estimates of the ZMP and COG positions
based on an actual determined COG and ZMP positions, and
a processing block configured to determine said perturbation
(89, as a function of the Jacobian of said estimated COG
position.

10. The control system according to claim 8, further com-
prising an inhibitor block configured to perform a determina-
tion whether equilibrium limits have been reached, based on
a determined ZMP position, and to inhibit the operation of
said feedforward stage based on said determination.

11. The control system according to claim 10, wherein said
inhibitor block is configured to stiffen an elastic reaction felt
by said subject starting from said controlled position (8),
thereby implementing a dynamic control of said subject com-
pliance.

12. The control system according to claim 9, wherein said
feedback stage is configured to control said position (0) of
said joints in a frontal and in a sagittal plane with respect to
said subject, contemporaneously and independently to main-
tain equilibrium in quiet posture.

13. The control system according to claim 1, wherein said
actuator means are configured to actuate ankle, knee and hip
joints of said body; said feedback stage and feedforward stage
being configured to implement a dynamical model of said
exoskeleton haptic device composed of two independent ele-
ments: a triple inverted pendulum in the sagittal plane of said
body with joined lower limbs, having three degrees of free-
dom for actuation by said actuator means of movements, in
pairs, of said ankle, knee and hip joints; and a switched
system with two configurations of a parallelogram or open
quadrilateral, according to a phase of double or single stance,
for actuation by said actuator means independently of the
right and left of said hip joints in the frontal plane; said control
being under-actuated in said frontal plane during the single
stance.

14. The control system according to claim 13, wherein,
along with the actuation of said hip joints in the frontal plane,
knee and hip joints of a free leg are actuatable in the sagittal
plane, with a partially constrained free foot, to achieve a three
degree of freedom dynamics emulating a step machine.

15. The control system according to claim 1, wherein said
exoskeleton haptic device is coupled to the lower limbs of
said subject and said actuator means are configured to actuate
ankle, knee and hip joints of said body; and wherein said
feedback stage and feedforward stage are configured to con-
trol said exoskeleton haptic device for training for rehabilita-
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tion purposes, according to different postural exercises,
among which one or more of the following:

sagittal plane coordination with both feet on the ground,

wherein left and right ankle, knee and hip joints are
activated in pairs in sit-to-stand and stand-to-sit transi-
tions;
frontal plane coordination, with transitions from double to
single stance postures, with fixed knees, by shifting the
weight of the patient from one foot to the other and then
lifting the free foot, activating in the frontal plane said
hip joints; and
intermixed sagittal and frontal plane coordination,
wherein, contemporaneously to the activation of the hip
joints in the frontal plane, the free foot is raised, activat-
ing knee and hip joints of the related free leg in the
sagittal plane; said intermixed sagittal and frontal plane
coordination providing a neural step machine embed-
ding equilibrium control.
16. The control system according to claim 15, wherein said
feedforward stage is operable to direct the movements of said
subject according to one of said different postural exercises,
by vectorially controlling said compliance.
17. The control system according to claim 15, wherein said
feedforward stage is further operable during said postural
exercises to implement a dynamically variable admittance
response of said exoskeleton haptic device with respect to the
subject effort (C,) for rehabilitation purposes.
18. Exoskeleton haptic device comprising:
a frame structure, configured to be coupled to the body of
a subject;

actuator means, carried by said frame structure and oper-
able to cause movement of a number of joints of said
body; and

first sensor means, coupled to said body and configured to

detect first signals (y,,) indicative of an intention of
movement of said subject, characterized by comprising
a control system according to any one of the previous
claims.

19. The exoskeleton haptic device according to claim 18,
configured to be coupled to the lower limbs of said subject for
rehabilitation postural training and neural plasticity recovery,
and operable to control movements of said lower limbs in the
frontal and/or sagittal planes of said subject.

20. A computer program product comprising computer
instructions for implementing, when executed in a processing
unit, the control system according to claim 1; in particular,
said computer program product allowing modification of bio-
metric parameters of said subject and stiffness and viscosity
parameters of said subject compliance.

sk sk sk sk sk



