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(54) System for controlling a robotic device during walking, in particular for rehabilitation

purposes, and corresponding robotic device

(57) A control system (12), for a walking robotic de-
vice (1) having a frame structure (3) and actuator means
(10) coupled to the frame structure (3) and operable to
cause angular movements of a number of joints (7, 8, 9)
in order to generate corresponding movements of the
robotic device (1) in the Cartesian space (xyz) for per-
forming a gait, envisages: an inner control loop (20) con-
figured to feedback control a number of independent joint
variables (éind) associated to the joints of the frame struc-
ture (3), the number being equal to a number of degrees
of freedom of the robotic device (1), based on tracking

ofreference jointvalues (éind ref) forthe independentjoint
variables (6;,4). an outer control loop (30), cooperating
with the inner control loop (20), and configured to gen-
erate the reference joint values (éind ref) Starting from im-
posed trajectories of Cartesian-spazze variables associ-
ated to the robotic device (1), through inverse kinematics
expressed with Jacobians of the Cartesian-space varia-
bles with respect to the independent joint variables; the
number of the Cartesian-space variables is at least equal
to the number of the independent joint variables, so as
to control posture and maintain equilibrium during the
gait with a unitary control approach.
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Description

[0001] The presentinvention relates in general to a system for controlling a robotic device during walking, in particular
a biped robot or an exoskeleton haptic device for use in lower limb rehabilitation, to which the following disclosure will
make specific reference without however this implying any loss of generality.

Background art

[0002] Asis 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, like hips, knees,
ankles, 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.

[0003] 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
rehabilitation (when the patient has little or no control of the affected part of the body). The rehabilitation protocol asks
for preparatory postural exercises, first, to terminate with the complete walk.

[0004] Assistance to the patient during the rehabilitation exercises is customarily provided manually by one or more
therapists; however, robotic devices have only recently been proposed to assist the therapists in the task of assisting
the patients. In particular, exoskeleton robotic devices have been proposed as a promising solution for assisting patients
during rehabilitation treatments. Exoskeleton devices, including supporting frames, constituted by segments connected
by motorized joints to be coupled to the patient, have indeed the potentiality to offer a versatile solution to be used by
the patient in the execution of different repetitive rehabilitation exercises. However, designing of such robotic devices
poses a serious challenge in terms of their control system, especially as far as walking control is concerned, when
postural equilibrium is to be maintained during the whole gait (constituted by the repetition of single and double stance
phases).

[0005] Sofar, 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 military or heavy work applications. These devices do not
address the problem of providing patient support and postural equilibrium, since they imply the presence of an able-
bodied wearer, and therefore are not useful for rehabilitation purposes.

[0006] Moreover, the few exoskeletons proposed have shown serious limitations and failed to address all the require-
ments and needs for patient recovery, among which: an accurate position control, in order to maintain the exoskeleton
(and wearer) dynamically stable when constrained to follow a planned reference trajectory; a controlled patient "com-
pliance" (i.e. the capability to control the resistance perceived by the patient to his/hers 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.
[0007] EP 2238894 A1,inthe name of the same Applicant, discloses an exoskeleton haptic device, and the associated
control system, which addresses many of the above issues and requirements; however, this device is not intended and
designed for walking, but instead for maintaining a substantially fixed standing position. The allowed exercises, designed
for the early stages of rehabilitation, are preparatory to the real gait and account for movements in the sagittal plane as
in sit-to-stand exercises, and/or in the frontal plane by simulating the walk in a standing position, shifting the weight from
one foot to the other and contemporaneously raising the free foot as in a step machine (i.e. a step machine sustaining
the patient and embedding postural control).

[0008] The control system disclosed in the above patent application implements a closed loop position control to
maintain or recover postural equilibrium, contemporaneously offering patient compliance through a mechanical admit-
tance control. Admittance control offers a dynamic mapping from force to motion, where force information is obtained
from bioelectrical signals, e.g. Electro-Miographic Signals - EMG, measured on proper pairs of antagonistic muscles of
the legs of the patient.

[0009] In brief (reference is made entirely to the above published patent application for any further detail), the control
system is based on two hierarchical feedback loops:

- aninner control loop, embedding admittance control in a position loop, which closes a feedback from exoskeleton
joint positions and velocities; this control loop is solved by linearising the model of the joined exoskeleton and patient
system and adopting a two degrees of freedom approach using Hinfinite multivariable robust control theory. The
exoskeleton is compliant to the patient efforts, according to an imposed admittance driven by the patient EMG
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signals, in the neighborhood of a given "joint angle reference positions"; and

- anouter control loop, which closes a non linear feedback from measures performed on the Cartesian space (where
the exoskeleton movements are defined in terms of x, y, z spatial coordinates and attitude angles), based on a
(pseudo) inverse Jacobian, transferring coordinates of the Center of Gravity (COG) and feet-sole center of pressure
(Zero Moment Point - ZMP), into corrections for the "joint angle reference positions" in the inner loop, in order to
maintain or regain postural equilibrium.

[0010] The two degrees of freedom control (as discussed in I. M. Horowitz, Synthesis of Feedback Systems, Academic
Press, 1963) of the joint angles allows to track in time, or to maintain a reference position, contemporaneously offering
a compliance to the patient efforts, according to the assigned force admittance, in the neighborhood of this reference
position. Hence, the exoskeleton joints are driven contemporaneously by two reference signals, often competing at the
early stage of the rehabilitation therapy, and hopefully cooperating (this is the objective of the rehabilitation training) at
the conclusion of the same therapy: force signals (measured by EMG signals), to which comply, and position to guarantee
posture. The degree of tracking of each one of these two references is governed by the imposed admittance, chosen
by the therapist at the different stages of the rehabilitation: a high admittance (i.e. soft mechanics) means that the
exoskeleton is highly compliant and servoed to the patient efforts expressed by the EMG signals in the inner control
loop; a low admittance (i.e. stiff mechanics), on the contrary, strongly constrains the patient and answers primarily to
postural equilibrium requirements of the outer control loop. In the first case, the system contributes, cooperating with,
to the efforts of the patient; in the second case, it behaves as an autonomous biped robot were the efforts of the patient
are treated as disturbances. In both cases, the outer control loop sustains the patient against gravity and helps the
patient to maintain equilibrium during her/his exercises, by correcting the position references, tracked in the inner control
loop. Postural equilibrium is also enhanced, when needed, by dynamically reducing the admittance (increasing the
stiffness) of the response, when the boundaries of the equilibrium are reached (thus inhibiting a patient erroneous
posture).

[0011] Although being efficient for controlling exercises during early stages of the rehabilitation, as previously under-
lined, this system does not offer any solution to the problem of controlling a walking biped robotic device.

[0012] The aim of the present invention is to extend the results of the above referenced previous patent application,
overcoming the limitations of known solutions, and offering an efficient control during walking, still maintaining the postural
equilibrium enhancement and possible compliance with respect to the patient.

[0013] This aim is achieved by the present invention in that it relates to a system for controlling a robotic device, and
to a related robotic device, as defined in the appended claims.

[0014] 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, are disclosed with reference to the attached drawings, wherein:

- Figure 1is a schematic representation of a robotic device, in particular an exoskeleton haptic device, and of a related
control system, according to an embodiment of the present disclosure;

- Figures 2a, 2b show the dynamical model of the multi-body of the robotic device of Figure 1, respectively in the
sagittal plane and in the frontal plane;

- Figures 3-22 show plots related to the response of the control system, during a simulated test; and

- Figure 23 shows the general block diagram of the control system for the robotic device.

Structure of the robotic device

[0015] As shown in Figure 1, an embodiment of the present invention provides a robotic device 1, in the form of an
exoskeleton haptic device designed for rehabilitation of the lower limbs.

[0016] The robotic 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.

[0017] The frame structure 3 includes: an upper segment 4, coupled to the thigh of the patient 2 and extending
substantially parallel to the femur; a lower segment 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 segment 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 segment 4 via a knee joint
8; the upper segment 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 6b, lower segment 5, upper segment 4 and back support, and
are arranged respectively at the ankles, knees and hips of the patient 2; in particular, in this embodiment, the ankle and
hip joints 7, 9 have two mechanical degrees of freedom, for rotations in the sagittal and frontal plane, while the knee
joint 8 has a single mechanical degree of freedom, for rotation in the sagittal plane. Actuators, e.g. electric motors 10,
are coupled to the ankle, knee and hip joints 7, 8, 9 (in particular, to some or all of these joints, since not necessarily all
joints are motorized), and are operable to control their movements in the sagittal and/or frontal planes.
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[0018] A control unit 12 is coupled to the robotic device 1 and implements a control algorithm for driving the electric
motors 10 at the various joints, thus controlling their angular rotation, and accordingly the exoskeleton movements in
the Cartesian space (defined by three orthogonal axes x, y, z of an external reference system). Preferably, the control
unit 12 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.

[0019] The control unit 12 is supplied by a 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, direction and strength of movement, from bioelectric
sensors 14 coupled to the patient lower limbs and placed on the muscles involved in lower limb movements (Figure 1,
for reasons of simplicity of depiction, shows only one sensor, placed on the thigh); position and velocity signals from
position/velocity sensors 16, detecting joint angles at the ankle, knee and hip joints 7, 8, 9; reaction force signals from
reaction force sensors 17 (e.g. load cells), positioned at the exoskeleton foot rests 6b and configured to detect the
reaction forces imparted by the ground and the center of these reaction forces; and, during gait, the coordinates of the
free (or swinging) foot, and body center of mass, from suitable sensors, such as ultrasound sensors, external visual
sensors or inertial sensors (not shown).

[0020] The control unit 12 processes the above input signals and, based on the implemented control algorithms,
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, in order to cause their angular movement.

[0021] Advantageously, the control unit 12 and the power supply unit 13 are designed to be light-weight and to be
carried by the patient; for example, suitable electronics circuitry implementing the control unit 12 is housed in a belt
around the waist of the patient.

[0022] The controlunit 12 is also coupled to a reference-generation block 18, which is configured to generate reference
trajectories for controlling the gait, based on few parameters and simple function (e.g. sine and cosine functions), as
will be discussed in detail in the following. An operator, e.g. a physiotherapist, may interact with the reference-generation
block 18, via a suitable interface.

[0023] Before discussing in detail the control algorithms implemented by the control unit 12, some general consider-
ations are made concerning the general issues of gait control.

Introduction to gait control

[0024] Controlling the gait, from a biped robotic point of view, accounts for the following technical aspects:

(a) controlling a multi-body dynamical system switching periodically between the two phases of the gait: the single
and the double stance; in particular, for each stride of the gait, two double stance phases are interleaved by two
single stance phases, one on each leg. The dynamical behavior of the multi-body system driven by joint torques
and reaction forces/torques is given by a system of second order non-linear differential equations, usually known
in the art as forward dynamics (see for example, B. Siciliano, O. Khatib, "Springer Handbook of Robotics", 2008,
chapter 16, section 3). This mechanical system is subject to non-holonomic constraints resulting from ground reaction
forces and torques on the soles of the supporting foot/feet. These reactions forces/torques are particularly important
for postural control as they define the Zero Moment Point (ZMP), i.e. the centre of pressure under the feet soles
(the point where the sum of all reaction torques acting on the soles of the feet is equal to zero), which is the primary
measure and objective of postural equilibrium;

(b) designing a gait so that nominal (i.e. open loop) trajectories of the projection of the Center of Gravity (COG) on
the ground (and consequently trajectories of the joint angles) satisfy at each instant of time precise ZMP constraints
in order to guarantee equilibrium during a dynamic walk. This requires a certain degree of prediction, as it is cus-
tomarily known in the literature for Preview control (see for example: B. Siciliano, O. Khatib (edt.), Springer Handbook
of Robotics, 2008; or T. Katayama, T. Ohki, T. Inoue, T. Kato, Design of an Optimal Controller for a Discrete Time
System Subject to Previewable Demand, International Journal of Control 41(3) (1985), 677 - 699);

(c) transferring reference trajectories (defined in terms of positions, velocities, constraint reaction forces and torques)
from the Cartesian space to the joint space for closed loop motion control; this involves inverse kinematics and
dynamics in a highly non-linear environment, in the presence of singularities.

[0025] The first aspect (point (a)) of dynamical modeling of the multi-body is approached adopting the so called Kane’s
method (the approach is described in T. R. Kane, D. E. Levinson, "Dynamics Theory and Applications", McGraw-Hill,
1985), which has not yet been widely applied in robotics. The primary contribution of the Kane’s method, with respect
to other modeling approaches, is the introduction of the vector of partial velocities and partial rotational velocities to
represent velocities of each point, and rotational velocities of each body of the chain. In fact, these velocities can be
expressed by linear combinations of the vectors of partial velocities or rotational velocities, with the common set of
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independent generalized velocities of the multi-body.
[0026] As will be clarified in the following, the Applicant has realized that the Kane’s method offers the following
advantageous features:

- itclearly expresses, for each one of the two distinct phases of the gait (single stance and double stance), the number
of degrees of freedom of the multi-body chain when non-holonomic constraints are present, identifying the gener-
alized variables ("Variables" by Kane) for movement control, the independent generalized velocities ("Motion Var-
iables" by Kane) and the resulting minimal set of differential equations; and

- itexplicitly provides the mathematical expressions of the reaction forces and torques on the constraints (feet soles),
as a function of position, velocity, acceleration, and joint torques; moreover, through the vector of partial velocities,
expressions for the Jacobians of all needed Cartesian velocities (i.e. variables expressed in the three-dimensional
xyz Cartesian space) with respect to the independent motion variables (expressed in the space of the joints) are
readily available.

[0027] For the second aspect (point (b)), COG trajectories during the different phases of the stride, satisfying ZMP
constraints for postural equilibrium, are generated based on a linearised inverted pendulum, as discussed in a recent
work of Choi (Youngjin Choi, Doik Kim, Yonghwan Oh, and 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) and early works on preview control (e.g. the above cited: T. Katayama, T. Ohki,
T. Inoue, T. Kato, Design of an Optimal Controller for a Discrete Time System Subject to Previewable Demand, Inter-
national Journal of Control 41(3) (1985) 677 - 699).

[0028] For the third aspect (point (c)), according to a particular aspect of the present invention, techniques based on
Jacobian functions and matrices are adopted for performing the inverse kinematics.

Dynamical modeling of the multi-body

[0029] The approach based on the Kane’s method is discussed here in a practical example, where several simplifying
assumptions are made, without however this implying any loss of generality, since the approach can easily be extended
to a more general case.

[0030] In particular, the walk is assumed rectilinear, as on a treadmill, and the gait periodical; the ground surface is
assumed to be horizontal. Moreover, as shown in Figures 2a and 2b, referring to the sagittal and, respectively, frontal
planes, a simplified dynamical model of seven rigid fixed-length segments and perfect pivot joints is assumed for the
multi-body system represented by patient and exoskeleton device. This dynamic model is based on a multiple inverted
pendulum, actuating the movement of ankle, knee and hip joints, according to the phases of double or single stance
during the gait.

[0031] The mechanical degrees of freedom, constraints and independent joint angles (generalized variables) and
velocities (generalized velocities) during the gait, approached by the Kane’s method, are now discussed in more details,
with reference to this practical example.

[0032] The number of joints is assumed equal to ten, five for each leg: two joint angles at the ankle joint 7, denoted
With D46 xOankie_yrespectively referred to angular rotations around the x and y axes; one joint angle at the knee joint
8, denoted with Uy, referred to a rotation around the y axis; and two joint angles at the hip joint 9, ¥, ,, ¥4, @gain
respectively referred to rotations around the x and y axes (no hip rotation is here assumed along the z axis). It is to be
noted that not necessarily all joints are motorized, as will be discussed later.

[0033] Ten joints are not enough, even for a rectilinear walk; however they are sufficient for describing the problem
and simplify the following discussion. In fact, the simulation example presented at the end of this discussion, based on
the same techniques, use a more realistic model with twelve joints.

[0034] Figures 2a and 2b also show the adopted axes conventions; positive angles follow the right-handed rotation
rule, and angles on the joints are measured starting from the feet to the hips.

[0035] Under these assumptions, the multi-chain system in the Cartesian space (xyz space) has globally 15 degrees
of freedom (dof): ten joint rotations (see above discussion); three translations along the x, y and z axes and two rotations
around the x and y axes for the supporting foot (no rotation is assumed along the z axis).

[0036] In the single stance phase, assuming the supporting foot to be the right one, fixed (so, position and rotational
velocities equal to zero) and the left swinging foot parallel to the ground (rotational velocities along the x and y axes
equal to zero), seven constraints are present, resulting in: three reaction forces, along the x, y and z axes, and two
torques around the x and y axes exchanged by the supporting foot with the ground; and two torques around the x and
y axes on the swinging foot.

[0037] Consequently, the number of independent joint angles, to which position control will be applied, i.e. the number
of mechanical degrees of freedom of the system, is equal to eight (in the following expressions, suffix 1 denotes the
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right supporting leg, while suffix 2 denotes the left swinging leg and suffix "s" denotes the single-stance phase):

T
hip _x_2° l9hip_y_2 4 z91mee_2 ]

19'nd = [19 nkle_x_1? 19

ind _s a ankle_y_]’ﬁlm 191

u'p_x_l’19h 191

ee_1? ip_y._12

[0038] The number of dependent joints is thus equal to two, referring to the ankle joints 7 of the swinging foot:

T
- [19ank1e_x_2 ’ 0ankle_y_2 ] .

Ui

lep_s

[0039] The vector of reaction forces/torques on the supporting foot is defined as:

F = [forceFoot,_x forceFoot, , forceFoot, , torqueFoot, . torqueFoot, ]T

[0040] Moreover, the torque vector needed to control position of the eight independent joints (referred to as the position
control input) is denoted with Tpos_si the vector of torques on the two dependent ankle joints needed to maintain the
swinging foot parallel to the ground (referred to as the constraint control input) is denoted with 1., 5, which is relatively
unimportant in this phase for the postural equilibrium; and the vector of torques applied to the othe?joints, redundant to
maintain position (referred to as the auxiliary control input) is denoted with 1, o in this case absent, as none of the
joints are subject to auxiliary controls.

[0041] It is to be noted that the choice of independent joints is in general not unique; the Kane’s method and the
supporting tool of symbolic analysis (known as AutoLev, see Kane and Levison, "Dynamics Online: Theory and Imple-
mentation with Autolev", 2000, http://www.autolev.com/index2.html) allow to verify all possible choices of independent
variables and derive for each one of the possible choices, the relative equations (among which the expressions for the
Jacobians).

[0042] During the double stance (where no translations and no rotations are envisaged for both feet), only five inde-
pendent joint angles are present, so that control of only five torques is needed in order to guarantee the desired reference
tracking.

[0043] The following joint angles are selected as independent (however, it is again underlined that the choice is not
unique):

19'nd_d = [l} nkle _x_12 19 0lxx'p_y_1 ’ 0Imee_2 ]T

i a ankle _y _1°2

B

ee_1?

as a consequence the following joint angles are dependent:

T
z9)11'}7_,\:__2 b ﬂankle_x_] H ﬂankle_y_Z ]

_d =[191

hip_x_1?

s

€p

b,

hip_y _2?

(in the above expressions, suffix "d" denotes the double-stance phase).

[0044] Moreover F=[F,, F,]" is the vector of reaction force/torques on both feet; Tpos_d IS the torque vector to control
the five independent joints; vector 1., 4 includes no elements in this stance; and t,,, ;denotes the auxiliary torques
on the remaining five dependent joints._These last torques, redundant for position/veloaty control, are used, instead, to
control reaction forces and torques under the soles of the feet. As will be detailed in the following, this force control is
advantageous in double stance for the transition of load from one foot to the other before switching to single stance,
and to accommodate collision of the free swinging foot to the ground when returning to double stance.
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Designing the gait

[0045] The approach to guarantee postural equilibrium by the linearized inverted pendulum theory is known in the
literature, as well as the use of Jacobians, and pseudo-inverses of Jacobians to perform inverse kinematics on the
velocities, or on the perturbations of the independent joint angles. However, in the approaches available in the literature,
these techniques have been used partially, just for guaranteeing postural equilibrium in closed loop (i.e. in terms of
behavior of COG and ZMP), integrated by other techniques to achieve the complete attitude and postural control of the
multi-body system.

[0046] On the contrary, according to a particular aspect of the present embodiment, the linearized inverted pendulum
theory and the use of Jacobians to perform inverse kinematics, are exploited here to synthesize the control in closed
loop of the whole set of Cartesian constraint variables (i.e. COG-ZMP, body attitudes, knee angles, swinging foot
behavior), needed to guarantee posture during the gait, variables thus equal in number to the number of mechanical
degrees of freedom of the multi-body, expressed by the independent motion variables in each stance. It is to be noted
that this approach offers a unitary control action during the gait, both for the single and double stance, and techniques
for the transition from one phase to the other, which does not have to be integrated by any other control technique to
achieve the complete control of the multi-body (in other words, the number of Cartesian variables is at least equal, i.e.
not lower than, the number of independent joint variables associated to the robotic device, corresponding to the number
of degrees of freedom of the same robotic device).

[0047] In detail, the vectors of reference trajectories (including positions and velocities) of the horizontal x and y
Cartesian coordinates of the COG, guaranteeing an appropriate behavior of the ZMP for postural equilibrium during the
gait, denoted with COG 6w _xy» COGpreview xyMay be generated with a look-ahead strategy for quasi periodic behavior,
as in known preview control (see e.g. T. Katayama, T. Ohki, T. Inoue, T. Kato, "Design of an Optimal Controller for a
Discrete Time System Subject to Previewable Demand", International Journal of Control 41(3), 1985, 677-699); in this
case, by virtue of the preview action, the COG anticipates the actual ZMP response.

[0048] As an alternative, the same trajectories may be synthesized directly from a few set of parameters for a pure
periodic behavior, as shown e.g. in Youngjin Choi, Doik Kim, Yonghwan Oh, and 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; generation of these reference trajectories may be demanded
to the reference-generation block 18.

[0049] These parameters, in a number equal to four, are the following: T, the time period of one step (Tyjge=2. Tstep
is the stride period); td , where t;,=2-td is the duration of the double stance; A is the distance between the two feet in
the frontal plane; and step is the length of advancement of the coordinate of the COG along the x axis, COG, (and of
the swinging foot) in the sagittal plane during one step (in other words, the length of advancement during one step).
[0050] These four parameters can be preset to nominal values, or, in the presence of patient compliance (and the
ability of the patient to partially perform voluntary movements), may be easily identified on-line and adaptively adjusted
from the patient behavior; in other words, these parameters may be computed on-line from the intention of movement
of the patient, so as to comply to the patient efforts. Accordingly, the trajectories of the horizontal x and y Cartesian
coordinates of the COG may be computed on-line based on only these parameters.

[0051] The vectors Xsying foot_ref Xswing_foot_ref INdicate the reference trajectories (in terms of positions and velocities
in the Cartesian space) of a fixed point of the swinging foot during the single stance period.

[0052] These trajectories can be preset, or alternatively synthesized in real-time adopting simple (e.g. sine and cosine)
functions based on few parameters, in particular two parameters: step, the length of the step forward (same as before);
and h, , the maximum height reached by the swinging foot.

[0053] Alsoin this case, both parameters can be adjusted adaptively from the patient behavior, so as to comply thereto
in real time.

[0054] The vectors S4itude ref 6a,t,,ude rof iNdicate the desired average attitude and rotational velocity of the trunk
around the x and y axes. For example, the following values may be chosen: O yityge-x-rer = 0, Oattitude_y_rer = 0 OF 8 (the
latter value meaning a slight leaning forward of the trunk) , © e ref = 0-

[0055] Moreover, COG, ,,COG,f , are the average desired reference position and velocity of the z (vertical) coor-
dinate of the COG (or of another chosen reference point of the body); for example, the following values may be chosen:
COG,f , = ¢, (i.e. being a constant); and COG,,f ,= 0.

[0056] ~ From these constraints in the Cartesian §pace (including imposed trajectories for the COG needed to maintain
postural equilibrium), the whole joint trajectories (in the joint space) may be generated.

[0057] Tothisend, Jacobian matrices (Jacobians) of the controlled Cartesian variables, with respect to the independent
joint angles, are computed.

[0058] Inparticular, Joog y, sdcog xy o Jeog z s sJcog_z g iNdicate the COG Jacobians with respect to the independent
joints in single and double stance (since they are not identical in the two cases), for the first two horizontal coordinates
(x, y), and the third vertical coordinate (z), respectively, of the Cartesian space.
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[0059] Moreover, Jgying foot_s denotes the Jacobian function for the three Cartesian coordinates of the swinging foot
during single stance; and J gt qe sJattitude o d€NOte the Jacobian functions linking attitude angle velocities of the body,
around x and y axes, and the indiependentijoint velocities in single or double stance.

[0060] Furthermore, denoting with:

19ind
e=
19d

ep

the vector of all joint angles, being BineVgep the independent and dependent joints (different according to the single and
double stance), respectively, the following linear relationship between independent and dependent joint angles holds:

b, . =J

lep _s 9_dep_s ' l9ind_s !/ ﬂdep_d = Jﬂ_dep_d ) 19ind_d .

[0061] It is underlined that all the above Jacobians can be computed in real time from the joint angle measures or
estimates, the assumed kinematics and weight distribution. The Jacobian expressions are explicitly given by the vector
of partial velocities of the Kane’s method.
[0062] Starting from these Jacobians, it is possible to derive the joint reference velocities, that satisfy the Cartesian
constraints (imposed trajectories), and may act as input to joint velocity controllers (as will be discussed in the following).
[0063] Moreover, estimates are generated starting from actual sensor measures (including the center of pressure
under the supporting foot/feet, the joint angles, the body attitude, the height of the swing foot, and the height of the
barycentre, or a reference point of the body). In particular, using a Kalman filter and adopting the linearized inverted
pendulum model (see the above mentioned patent application EP 2 238 894 A1), estimated values for the following
R ) A A
Cartesian constraint variables are generated: COGXy,CO (ixy’CO Gy, ZMP,,,
niques the following estimates are also obtained: )/?sw,-,,gjoot B attitude » COG-
[0064] In more details, Jacobian matrices Jg and J4 are the two square matrices (8x8 and 5x5, respectively) built from
the above defined Jacobians for the single and double stance:

; using other simple estimation tech-

Jcog _xy_s
J Jcog _xy_d
_ swing _ foot _s _
Js - J ’ Jd - Jam'tude _d
attitude _s
J Jcog _z_d
cog_z_s

[0065] These matrices link velocities in the Cartesian space, where the trajectory constraints are defined, to the
(independent) joint space, according to the following expression (1):

Vsst'léind_s’vdz‘Id'ﬁind d (l)

where V, V,; are the Cartesian reference or preview velocities, given by the following expressions, respectively in the
single and double stance:

. . . . T
Vs = [COny_ preview x:wing _Joot _ref l’animde _ref COGz _ref ] 4
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. . . T
Vd =[mey_preview dmirudc_ref Cm' ref. ]

[0066] When the above Jacobian matrices are non-singular, their inverse may be used to compute the joint reference
velocities from the Cartesian space constraints, achieve inverse kinematics and close a feedback control loop at the
joints so as to guarantee tracking of the imposed trajectories for the Cartesian constraints.

[0067] However, the present Applicant has realized that these matrices may become singular during the gait, in
particular when the legs are fully extended and knee angles reach their maximum value (adopting the present angle
conventions, knee angles are always negative and assume their maximum value close to zero, see Figures 2a and 2b);
accordingly, when singular, the Jacobian matrices Jg and J4 cannot be inverted and the control loop cannot be closed,
thus preventing the possibility to successfully control the robotic device 1.

[0068] According to a particular aspect of the present embodiment, in order to overcome this technical difficulty, the
set of imposed references is extended, by adding to the vector of Cartesian reference velocities (on the left hand side
of the above expression (1)) the velocities of the knee joint angles of the right and left legs éknee 1 ék,,ee o, by properly
setting their reference values as if they were given; it is to be noted that knee joint angles are included among the
independent joint variables to be controlled on the right hand side as well.

[0069] The following identity expressions are therefore valid:

3 . 3 ;
Y .knee_l_ref - IS '7-9,~,,d » ¥l .knee_l_ref = Id . Z9ind d
B, T . )

ee_2_ref ee_ 2 _ref

where I,/ are matrices of all zeroes with only two elements equal to A in the proper column positions to select the knee
angles velocities in the vectors of the independent joint variables ¥;,4; and A is a suitable weighting factor value. It is
underlined that ¥, 1 OF 9,060 , OF both, can be added to the constraints, according to the specific control need.
[0070] The above defined Jacobian matrices are so extended to include the additional constraints, according to the
following expressions:

Jcog_xy_s J
J cog_xy_d

swing _ foot _s J
attitude _d

Jes - Jam'mde_s Y Jed - J
J cog_z_d

cog_z_s I
I d
L s .

and are denoted here as "Extended Jacobians".

[0071] The inverse relationship from Cartesian space to joint space can now be computed (approximately) for any
joint condition, resorting to the pseudo-inverse solution, through least squares, of the extended Jacobians Jgg, Jgq. IN
particular, by adopting weighted least squares, it is possible to reduce the role of the (only approximately known)
constraints on the knee joint angles, renegotiating for example the desired COG, coordinate (since the COG, coordinate
is linked to the value of the knee joint angles).

[0072] The extended Jacobian thus answers to several interesting issues:

- itcopes with the occasional singularity of the standard Jacobian matrices occurring when stretching the knees during
the gait;

- it copes with possible kinematical inconsistencies arising in real-time synthesis of the trajectories between knee
angles, assigned COG, and swinging foot coordinates, due to approximate modeling, and simplified function gen-
eration; and

- it allows to embed the walking style of the patient in the control of the exoskeleton, by explicitly assigning the
trajectories of the knee joint velocities, when interacting with the patient through compliance.

[0073] In particular, in a possible embodiment of the control scheme, the extended Jacobian matrices are always used
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instead of the standard ones, eventually changing in time the weights in the least squares solution (so as to adapt to
the changing situations, e.g. with respect to changing patient efforts).

[0074] According to an alternative solution, the extended Jacobian matrices substitute the standard ones only when
it is determined that the knee angles are, in absolute value, smaller than a given threshold (meaning that there is a risk
to incur in a singularity of the Jacobian matrices), and simple recovery techniques are adopted in imposing reference
knee angle trajectories, for exiting from this singularity condition or for holding this condition in a stationary fully standing
up posture.

[0075] The reference trajectories of the knee joints (f}k,,ee I’ {‘)k,,ee ») may be advantageously determined adaptively
from the efforts of the patient 2, so as to comply with the intended movements, and explicitly assigned in the above
expressions.

[0076] Alternatively, and this may be a preferred choice, nominal reference trajectories of the knee joints, synchronized
to the gait, may arbitrarily be set (e.g. with nominal values as found on a text book), and a light weighting factor assigned
thereto (e.g. comprised between 0,2 and 0,5, when the weighting factor is 1 for the other variables), so as to attribute
a minor role in the control strategy (in this respect, it is clear the advantage of setting a suitable weighting factor A, so
as to properly weight the contribution of the various imposed references).

[0077] Moreover, when some of the joints are not motorized but fully controlled by the patient 2, the extended Jacobians
will incorporate the measures of these joint angles, beyond the knee angles, increasing the redundancy; this may be
helpful to cope with modeling approximations.

[0078] Starting from the previous expressions, a basic proportional feedback scheme for simplicity is envisaged, which
results, during single stance, in the following expression:

.

19'nd_ref_s = Ms ) (Vs + Kp_s ’ Es)

!

wherein:

- Mg is the inverse of the standard Jacobian matrix Jg, or the pseudoinverse of the extended Jacobian matrix J,q, so
as to comply with the possible singularity of the same standard Jacobian matrix during the gait;

- Vg is the vector of reference velocities acting as feed-forward;

- Kp_S is a diagonal matrix of proportional position feedback gains;

- E4 is a matrix of position tracking errors, computed as the difference between the preview/reference and the value
estimated from measures for the corresponding Cartesian constraints. In particular, in case of the single stance,
the following expression holds:

Y

- Cény X X ﬂammde_rq’ - ﬂam'mde COGz_ref - CéGz]T

swing _ foot_ref — ~Vswing _ foot

E, =[0G, .
[0079] Similar expressions apply to the case of double stance, giving the vector 13},-,,d7,efid, where the vectors K, 4,
E4 and V4 simply miss position errors and feedforward velocities relative to the swinging foot coordinates.

[0080] In reality, the feedback loop, along with proportional control, may include dynamic components to guarantee
stability. In fact Choi (see the above cited reference) has proven with Lyapunov techniques that a term proportional to
the ZMP measure in the feedback, i.e. an acceleration action on the COG, guarantees stability.

[0081] The controls strategies in single left and single right stance are identical, with just the joint angles of right and
left legs being interchanged. A state machine, synchronized to the gait events, switches the control strategy from single
left/right to double stance, adopting each time the required expressions for the various controlled variables and references
(according to a unitary control scheme).

[0082] Itis to be noted that, due to the use of extended Jacobian matrices, the knee reference velocities also appear
in the reference velocity vectors Vg, V. However, as the knee angles are only approximately known, in the feedback
position tracking error vectors Eg, E the knee tracking error is clearly not needed; instead, it is substituted, for the control
action, by the negative of a filtered interpolation of the maxima reached by the knee angles during one stride cycle, to
keep the maxima close to zero and also as a deterrent, to avoid overstretching, or inversion of sign, during the walk,
due to the singularity. In particular, the control action is such as to avoid the filtered interpolation of the maxima of the
knee angles to cross a zero reference angle.

[0083] Further comments on the extended Jacobian matrix ) ]

[0084] The relationship existing between variables COG,, and ¥,qq |, ¥nee r» @and the over-dimensionality of the
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constraints in the extended Jacobian matrixes are now discussed in more details.

[0085] Asitis known, the aim of the human gait is to keep vertical acceleration of the COG to a minimum to preserve
energy, minimizing COG,, oscillations. Moreover, the maximum vertical height of the barycentre during gait is slightly
lower than in standing position, also depending on the speed of the walk and the length of the stride.

[0086] Exploiting the over-dimensionality of the constraints and weighted least squares, it is possible to adopt a
reference COG, slightly higher than needed, contemporaneously relaxing that constraint, playing on an appropriate
weight. So, the result is achieved to guarantee an erect posture during the gait at the maximum admissible height (the
body is "pulled" by the feedback towards the erect posture), leaving a certain freedom of the COG, to accommodate
the walk uncertainties, contemporaneously acting on the feedback gain to minimize the COG, oscillations.

[0087] It is underlined that this solution can be extended adding other redundant constraints at some of the other
independent joints (in addition to the constraints on the knee velocities) and using weighted least squares to overcome
uncertainties arising from the reduced number of degree of freedom of the model and simplified, sometime arbitrary,
imposed trajectories; in this way, control uncertainties may be further accommodated.

Auxiliary Force control

[0088] According to a further aspect of the present embodiment, a force/torque control of the auxiliary joints is also
implemented, based on measures of reaction forces/torques under the feet, as a further control action cooperating with
the velocity control implemented on the independent joints.

[0089] Indetail,ithas already been shown thatin double stance, because of the presence of non-holonomic constraints,
the input control variables are redundant for position control; the joint torques, not needed for position control, are thus
properly exploited to control forces and torques on the constraints.

[0090] Denoting with n (e.g. equal to 15) the total number of generalized variables, p (e.g. equal to 10) the number
of controllable joints, m (e.g. equal to 10) the number of constraints, and n-m (e.g. equal to 5) the number of independent
motion variables of the system, 1,5 4are the n—m input torques to control the independent joint angles, and 1, 4the
remaining p-(n-m) input torques, associated to the dependent joints.

[0091] Moreover,

is a vector including the m reaction forces/torques returned from the constraints on the right (1) and left (2) foot (e.g.
measured through load cells on the soles of the feet).

[0092] Torques Tpos._d resultimplicitly as output of the controllers of the independent joint velocity loops, when receiving
references velocities 0,4 s 4 @s previously discussed; values 1, 4(for the electric motors 10 at the dependent joints)
are instead controlled with the following control scheme. B

[0093] Reaction forces/torques on the left and right feet are linear function of all input torques (primary and auxiliary
control variables) and of the motion variable derivatives, according to the following expression (where other nonlinear
terms, NI, are also present):

F= E — Nll(ﬂ’ﬁ) + J] 19+ Ml_pos Ml_aux . Tpos_d
F2 le (195 0) J2 M2_pos M2_aux Taw:_d
Hence, in particular:
E o Ml_aux ) Tawc_d’FZ & M2_aux ) Taux_d

are the proportional relationship between the vector of p- (n-m) auxiliary control variables t,,, 4and the vector of m
reaction forces/torques f~4,F, on the right and the left feet. The matrices M, ,,,,M, 5, are explicitly available from the
Kane’s method.
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[0094] As previously indicated, t;, denotes the time period of double stance, when the weight is shifting from one
foot to the other. At the beginning of the stance, the totality of the reactions rests on the previous supporting foot, for
example the right foot (i.e. F,=0), and the opposite occurs at the end of the stance (i.e. F;,=0). In between, the dynamics
will impose the value of the sum of the two reactions F; + F,.

[0095] For this, during the transition, F, and F, cannot be controlled independently, but, using the auxiliary torque
values, the reaction force/torques on each foot are imposed to follow two references complementary percentages of
the total value:

E__ref =(1:1 +F2)'(1—a)’
Fy vy =(E +F2)-a,

(=4,

¥

S

0<a<liea=

where tis a current time, t; the starting time, and t,¢ the period of double stance. A reference linear transition has thus
been assumed, as an example, but other strategies may be adopted.
[0096] The force tracking errors may be expressed as:

el =E_ref_E9
€, =F2_ref -F,

[0097] The difference between the two tracking errors:

€ — & =(F1 +Fz)'(l"2a)"(F1 ‘Fz)r

is an independent variable, which is computed from F;,F,.
[0098] Tracking of the desired transition is achieved by minimising the difference e,—e, iteratively with a gradient
technique, with the auxiliary torques given by:

Towx_d (t+A)= Towx_d (e)+ (Ml_aux M, )T k-(e,()—e,(t)) -

[0099] Under mild conditions, values of the feedback k exist that guarantee stability and convergence of the recursion,
with reaction forces/torques under the feet properly behaving as desired.

[0100] At the beginning of the gait, the first double stance period starts from a central position with evenly balance on
both feet; tracking is then the following:

€ =M.(l_a)_ﬂ’
2
e, =M-(l+a)—Fz,

12
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(t"to)

0asliex=——
tds

€ —€ =-(F1+Fz)'a—(Fl _Fz)r

being symmetrical at the end.
[0101] Force/torque control also allows to accommodate the collisions of the swinging foot to the ground at the end
of the single stance phase of the gait.

Experimental results

[0102] A simulated experimental test and the associated results are now discussed, based on the above discussed
control scheme (in this example, no compliance to the patient is assumed).

[0103] A 75 Kg human body, 1.78 m tall, has been dimensioned using standard parameters, e.g. as discussed in
David A. Winter, "Biomechanics and motor control of human movement", fourth edition, John Wiley & Sons 2009, chapter
3, pages 60-64; a 45 Kg exoskeleton has been considered.

[0104] To represent a more realistic human gait with loading response, mid stance and terminal stance phases, four
dof have been added to the previously discussed model, with hip rotations along the z axis in the multi-body kinematics
and allowing feet rotation along the y axis; the number of controlled variables and imposed references in the Cartesian
space has been properly augmented (it is thus to be noted that the number of dof may be easily changed and adapted
to the specific control needs).

[0105] Elasticity of the joints and dynamics of the servo-controllers have been added, no compliance has been con-
sidered.

[0106] A rectilinear walk has been simulated starting and ending in evenly balance standing position, with a transition
to/from periodic behavior in the first and last stride obtained with preview control, and in between a periodic gait. The
following parameters have been adopted: /e, = 0.9s; td = 0.09s ; A = 0.34m ; step=0.5m. A complete stride is recorded,
after a periodic behavior has been reached.

[0107] An extended Jacobian has been adopted, in order to avoid singularities; in particular, nominal trajectories of
knee angle velocities during a gait cycle have been adopted, as mentioned in J. Patton, "Gait Mechanics", http:
/lwww.smpp.northwestern.edu/~jim/kinesiology/partB_ GaitMechanics.ppt.pdf. No knee tracking error has been record-
ed, but simply an interpolated behavior of the maxima reached by the knee angles has been returned in feedback, as
deterrent to avoid knee overstretching.

[0108] In particular, the Applicant has shown that the extended Jacobian with a light weighting coefficient A= 0.2 on
the knees (just needed to improve the conditioning of the extended Jacobian), with a very approximate tracking of the
quasi-arbitrary nominal reference trajectories (see Figure 4) robustly accommodates the specific case, with complete
extension of the knees not incurring into singularity problems of the inverse kinematics (the control system is designed
so that the quasi-arbitrary nominal trajectories for the knee angles are not to be necessarily tracked during the gait).
[0109] The results of the experimental test are shown in Figures 3-22.

[0110] In detail, Figure 3 plots consecutive frames of a stride, represented in the sagittal plane.

[0111] Figures 4, 5, 6 represent the behavior of the joints in the sagittal plane in terms of knee, hip and ankle angles,
respectively. The stride is divided in 10 phases (the periods of double stance are emphasized); the nominal standard
trajectories imposed to the knee angles are shown with a dashed line in Figure 4.

[0112] Figures 7 and 8 show the behaviour of the hip and ankle angles, respectively, in the frontal plane.

[0113] Figures 9 and 10 show COG and ZMP trajectories in the sagittal and frontal plane, respectively; references
are shown with a dashed line.

[0114] Figure 11 shows the vertical coordinate of the COG, as compared to the reference position (shown with a
dashed line).

[0115] Figure 12 shows the ground vertical reaction forces; Figure 13 shows the ground horizontal reaction forces
along the x axis; Figure 14 shows the reaction forces on the feet along the y axis.

[0116] Figure 15 shows the reaction torques on the feet along the y axis; Figure 16 shows the torques on the ankle
joints along the x axis; Figure 17 shows the torques on the ankle joints along the y axis; Figure 18 shows the torques
on the hip joints along the x axis; Figure 19 shows the torques on the hip joints along the y axis; Figure 20 shows the
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torques on the knee joints.
[0117] Figure 21 shows plots related to the synthesis of the whole walk; Figure 22 shows plots related to the attitude
of the trunk.

Patient compliance

[0118] Another particular aspect of the present control system is now discussed, relating to patient compliance ex-
ploiting admittance control.

[0119] From previous discussion it has been underlined that the proposed control system can be used to move an
autonomous robot (or a patient completely unable to walk), but it could also be embedded in the form of a hybrid control
where some of the joints are not powered (i.e. completely controlled by the patient; the case when illness of the patient
is on some specific joints, only), or through admittance control, because of compliance, are partially actuated by the
patient.

[0120] Infact, it is indeed sufficient, as it has already been shown for the knee joints (which are particularly important
since they can be used to give the pace to the whole gait), to extend the Jacobian matrices, by adding joint reference
angles fully or partially controlled by the patient as further constraints in the system of equations linking Cartesian and
joint spaces, in a redundant control setting.

[0121] Forthe joints under the velocity loop monitored by bioelectric signals, because of admittance control, the patient
will feel an attraction towards the nominal trajectory imposed by the nominal gait trajectory, the level of attraction de-
pending on the assigned admittance.

[0122] The case of patient compliance during the double stance deserves more details.

[0123] Aspreviously discussed, admittance control is implemented only on the independent joints, which are controlled
in velocity. In single or double stance, some of the joint angles are dependent, and, especially in double stance (where
non-holonomic constraints are present), dependent joints are controlled in torque (as previously explained), and do not
enjoy independent motion.

[0124] In order to cope with this situation, the torques measured from EMG signals on all joints (dependent and
independent) have to be averaged, in order to define an equivalent admittance felt by the patient.

[0125] To cope with this situation a common identical admittance is chosen for all joints. The Laplace transform of the
relationship between torques experimented by the patient and joint motion is given by the following expression:

I‘i'ld = 191‘71(1 = I . 19
T, dep ﬁdep J19_ dep "

wherein Y'is the scalar admittance, assumed common to all joints, and Tj,4, T 4, are the torques measured on the patient,
for the independent and dependent joints, respectively.
[0126] The equivalent admittance obtained by pseudo-inverse shows how the torques are averaged:

Y- [1+JTz9_dep '-],,_dep]r1 : [T,-,,d +JT19.-deP : Tdep]= and °

[0127] The vector [I+JTy gepds depl " [ Tina*JTs_dep Taeplis the input applied to the independent joints.

Control block diagram

[0128] A block diagram of the control algorithm implemented by the control unit 12 of the robotic device 1 is now
discussed, with reference to Figure 23, relating to an embodiment of an exoskeleton device where compliance is offered
towards the patient.

[0129] In general terms, the control unit 12 is configured as a first control loop (i.e. an inner closed loop), designed
linearising the model and approached as a two degree of freedom robust control, for feedback control of the velocities
of the independent joints, while at the same time guaranteeing patient compliance through monitoring of the EMG signals
from the patient 2. This control loop is similar to the one proposed in the above referenced previous patent application
EP 2 238 894 A1; however, it is solved for admittance control in a velocity loop, instead of a position loop. Accordingly,
while in the previous patent application the position was already maintained by the inner loop alone, and outer loop
simply added equilibrium by moving reference positions, in the present embodiment, a velocity control of the joints is

14



10

15

20

25

30

35

40

45

50

55

EP 2 497 610 A1

performed in the inner loop, and equilibrium and tracking of the position during the gait are fully delegated to the outer
loop. Indeed, the control unit 12 is configured to implement a second control loop (i.e. an outer closed loop), cooperating
with, and superimposed to, the first control loop, for tracking desired reference trajectories during the walk and at the
same time controlling postural equilibrium.

[0130] In more details, the first control loop, denoted with 20, receives at input a vector of EMG signals 1g)g as a
measure of the patient torques Tpatient (in particular including the torques exerted by the patient at each of the ankle,
knee and hip joints 7, 8, 9, or only at some of these joints, depending on the voluntary movements performed by the
same patient); patient torques 1,4, through the patient physiology block 21, generate the EMG signals tgp .
[0131] The EMG signals tg),g, recorded by the sensors, act as an input within the first control loop 20, and, after being
processed in an admittance block 22, enter a sum block 23. As explained in detail in the above referenced patent
application EP 2238 894 A1, the admittance block 22 (according to the typical two degrees of freedom control architecture)
controls the compliance offered to the patient 2 by the system and returns the desired patient joint velocities, denoted
with epatient' .

[0132] The sum block 23 also receives: as additive input, the vector of reference angular velocities 6;,4 s associated
to the independent joints, indicative of the desired trajectories imposed to the controlled independent ankle, knee and
hip joints 7, 8, 9 during the gait, and which are generated by the outer control loop; and as subtractive input a vector of
measured angular velocities 6,,4 associated to the same independent controlled joints, from the feedback block 24.
[0133] The output of the sum block 23 is multiplied by velocity gains K, (in block 24) and processed in a motor-
dynamics block 25, modeling the dynamic behaviour of the electric motors 10, for generation of the control input torques
Tpos fOr control of the independent joint angles.

[0134] Control input torques Tpos ENtEr the joint patient and exoskeleton non-linear dynamic system, denoted with 26,
which will be discussed in detail in the following. The output of the non-linear dynamic system 26 is a vector of Cartesian
measures x and feet reaction forces/torques F, and measures of the angular velocities 6,4 The angular velocities 6,4
are sent back, as a feedback, in the inner loop towards the sum block 23; the Cartesian measures x and feet reaction
forces/torques F will close the outer loop.

[0135] The outer control loop, which is denoted with 30, not only guarantees postural equilibrium during the walk, and
generates the whole reference independent joint angular velocities 6;,4 s required to drive the joints so that they track
desired gait trajectories, but also performs reaction force control. -

[0136] In detail, the outer control loop 30 receives from a preview block 31 the Cartesian reference trajectories X,
needed for controlling the gait, including both position and velocity.

[0137] The outer control loop 30 further includes estimator block 32, which estimates relevant Cartesian variables,
measured from load cell 49b and position feedback 50 (for measures of the Cartesian variables needed for position
feedback).

[0138] Adifference block 33 gives the feedback error between the reference/preview values and the estimate Cartesian
variables that have to be tracked.

[0139] The output of the difference block 33, representing the position tracking errors E, enters a multiplier block 34,
where it is multiplied by the proportional position feedback gains Kp, and the multiplication result is summed in block 35
to the feed-forward reference velocities V4 of the constraint Cartesian variables obtained through a time derivative
(block 36) from the output of the preview block 31.

[0140] The output of sum block 35 is then multiplied, in processing block 37, by the pseudo-inverse of the (extended)
Jacobian matrices J,q, Joq thus providing the reference independent joint angular velocities éind ref for the first control
loop 20, such as to guarantee the postural equilibrium and walk control. -

[0141] The outer control loop 30, also, controls reaction forces under the feet through torques t,,,,: the measures of
the reaction forces/torques by the block 49b, are processed by the force feedback block 48 to provide torque control to
the dependent joints.

[0142] The joint patient and exoskeleton non-linear dynamic system 26 is now discussed in more details.

[0143] Dynamic system 26 is the block diagram of the following general system of differential equations in vector form:

Jo+ B(0,8)+ k(9)=B 7 .

[0144] Itincludes a multiplexing sum block 40, combining accordingly different components of the vector of all torques
affecting the system dynamics: torques 1, resulting from the motor-dynamics block 25 to control position of the "inde-
pendent"joints, and torques t,,,,, from the force/feedback block 48, to control reaction forces/torques on the feet, measured
by load cell 49b, acting on the "dependent" joints; as intrinsic feedback friction, Coriolis torques from block 47, and
gravitational effects from block 46.

[0145] The sum of all torques from block 40, processed by the inverse of the inertial matrix (block 41) gives the
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independent joint angles accelerations, that after double integration (blocks 41 and 42) in cascade produce velocities
0,nq and position 6,4 of the independent joints.

[0146] Constraints on ground result, from block 49a, in the reaction forces/torques under the feet measured from the
load cell 49b. Moreover from positions 6;,4, the kinematics block 45 produces the Cartesian output x measured for
position feedback.

[0147] From the foregoing description, the advantages that the proposed control system for controlling a robotic device
allows to achieve may be immediately appreciated.

[0148] In any case, it is again underlined that a dynamically stable control system is provided, which is able to track
desired trajectories during the whole gait, and to maintain postural equilibrium; the system is also able to interact with
the operator/patient, offering a controlled compliance.

[0149] In particular, the control system envisages a unitary control approach during the whole gait, which is flexible
and robust, and is able to overcome the technical criticalities existing in inverting the kinematics.

[0150] Advantageously, the Cartesian reference (preview) trajectories needed for the control technique can be gen-
erated online based on few parameters and simple functions, also taking into account the patient efforts (and compliance
thereto).

[0151] The control solution has proven to be particularly advantageous with an exoskeleton device for rehabilitation
purposes; however, the same control system, properly configured, can be used for controlling an autonomous robotic
device, where no compliance is offered to the patient (or no operator is envisaged at all).

[0152] Finally, itis clear that numerous modifications can be made to the present invention, all falling within the scope
of the invention, as defined in the appended claims.

[0153] In particular, itis clear that the control system may also be used (with suitable modifications) for position control
and compliance in controlling the movement also of the upper limbs or other parts of the body, without requiring substantial
modifications.

[0154] As it has been previously underlined, the compliance control in the first control loop may even not be present,
in all the situations in which compliance is not offered to the patient, or no operator is envisaged, cooperating with the
robotic device.

[0155] In this regard, the control system may also provide the possibility for inhibiting the compliance control, when it
is determined that equilibrium boundaries are reached, e.g. by stiffening an elastic reaction felt by the patient 2 starting
from the controlled reference position.

[0156] Moreover, the intention of movement of the patient may also be determined from other output measures; for
example, the intention of movement may be determined directly or indirectly based on measures of joint angles and
forces exchanged between the patient and the exoskeleton frame structure.

Claims

1. Control system (12), for a walking robotic device (1) having a frame structure (3) and actuator means (10) coupled
to the frame structure (3) and operable to cause angular movements of a number of joints (7, 8, 9) thereof in order
to generate corresponding movements of the robotic device (1) in the Cartesian space (xyz) for performing a gait;
the control system (12) including:

- aninner control loop (20), operating in the space of the joints (7, 8, 9), configured to feedback control a number
of independent joint variables (6,,4) associated to joints of the frame structure (3), said number being equal to
a number of degrees of freedom of the robotic device (1), based on tracking of reference joint values (6jng ref)
for the independent joint variables (8;,4); B

- an outer control loop (30), operating in the Cartesian space, and configured to generate the reference joint
values (éind ref) for the inner control loop (20) starting from imposed trajectories of Cartesian-space variables
designed for postural equilibrium, through inverse kinematics obtained with Jacobians of the Cartesian-space
variables with respect to the independent joint variables,

characterized in that the number of the Cartesian-space variables is at least equal to the number of the
independent joint variables, so as to control posture and maintain equilibrium with a unitary control approach
during the gait.

2. The control system according to claim 1, wherein the gait includes a repetition of single and double stance phases,
whereby the robotic device (1) repeatedly switches from single to double stance; wherein the control approach is
unitary for the single and double stance phases, taking into account respective different sets of controlled independent
joint variables (8;,4) and Cartesian-space variables, corresponding to different numbers of degrees of freedom for
the single and the double stance phases.
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The control system according to claim 1 or 2, wherein the independent joint variables (éind) are angular velocities
of corresponding independent joint angles, and the inner control loop (20) is a velocity control loop; and wherein
the outer controlloop (30) includes: an estimator block (32) configured to generate estimated values for the Cartesian-
space variables from measures provided by the inner control loop (20); and a feedback block (33, 34) configured
to minimize an error (Eg, E4) between the imposed trajectories and the estimated values, thereby generating the
reference joint values (éind_ref).

The control system according to any of the preceding claims, wherein the Cartesian-space variables include at least
the following variables, guaranteeing posture during the gait: reference coordinates of a point fixed to a swinging
foot, during a single stance phase of the gait; attitude angular rotations of the trunk; and Cartesian coordinates of
the COG (Center of Gravity), obtained through a preview control in order to guarantee that the ZMP (Zero Moment
Point), i.e. the point at which the resultant of the torques associated to reaction forces on the foot is zero, is maintained
in a region of postural stability.

The control system according to any of the preceding claims, wherein the imposed trajectories associated to the
Cartesian-space variables are pre-set, having nominal values.

The control system according to any of claims 1-5, wherein the imposed trajectories associated to the Cartesian-
space variables are computed in real-time based on a number of parameters of the gait; said parameters including:
the time period (T,) of one step; the duration of a double-stance phase of the gait (t,); the distance (A) between
the two feet in the frontal plane; the length of advancement (step) of the COG (Center of Gravity) in the sagittal
plane, during one step.

The control system according to any of the preceding claims, wherein the outer control loop (30) is configured to
introduce an extended Jacobian matrix, adding, to the imposed trajectories of the Cartesian-space variables, imposed
trajectories associated to at least one of the independent joint variables, and to perform inversion of the extended
Jacobian matrix through a weighted least square solution, in order to prevent singularity of the inverse kinematics.

The control system according to claim 7, wherein the at least one of the independent joint variables includes velocity
of one or both knee joint angles (f)k,,ee It {9,(,,96 ), and the related imposed trajectories are quasi-arbitrary nominal
trajectories; the control system (12) be_ing desfgned so that said quasi-arbitrary nominal trajectories are not to be
necessarily tracked during the gait.

The control system according to claim 7 or 8, wherein the imposed trajectories of the at least one of the independent
joint variables are pre-set, according to nominal values.

The control system according to claim 7 or 8, wherein the frame structure (3) is designed to be coupled to the body
of a subject (2); and the imposed trajectories of the at least one of the independent joint variables are computed in
real-time based on detected bioelectric signals (tg,,s) , indicative of voluntary movements of the subject (2), so as
to comply thereto.

The control system according to any of claims 7-10, wherein the weighted least square solution envisages associating
to the imposed trajectory of the at least one of the independent joint variables a weighting factor, which is lower
than weighting factors associated to the imposed trajectories of the Cartesian-space variables, thereby softening a
constraint on the imposed trajectory of the at least one of the independent joint variables.

The control system according to any of claims 7-11, wherein the at least one of the independent joint variables
includes velocity of a knee joint angle ({‘}knee It f)k,,ee ); and wherein the outer control loop (30) is configured to
introduce the extended Jacobian matrix, when it is determined that the knee joint angle has a given relationship
with a threshold value, indicative of a possible singularity for the inverse kinematics.

The control system according to any of claims 7-11, wherein the frame structure (3) is configured to be coupled to
the body of a subject (2), and has at least a further joint, which is not powered by the actuator means (10) and is
at least partially actuated by the subject; wherein the outer control loop (30) is configured to further extend the
Jacobian matrix, by also adding a trajectory followed by the further joint, as a further constraint in the system of
equations of the inverse kinematics, linking the Cartesian space to the joint space.

The control system according to any of the preceding claims, further comprising a torque control loop (48), configured
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to cooperate with the inner (20) and outer (30) control loops thereby merging motion and force control, in order to
input auxiliary torques on dependent joints of the frame structure (3), to control ground reaction forces and weight
transitions between a supporting and a swinging foot during double stance, and to accommodate collision switching
from single to double stance.

The control system according to any of the preceding claims, wherein the independent joint variables (éind) are
velocities of corresponding independent joint angles, and wherein the frame structure (3) is configured to be coupled
to the body of a subject (2), the robotic device (1) including sensor means (14), coupled to the body and configured
to detect bioelectric signals (tg)s) indicative of subject torques (rpat,-em) at the joints of the frame structure (3);
wherein the inner control loop (20) includes an admittance stage (22), configured to control a compliance presented
by the robotic device (1) to the subject (2) based on the detected bioelectric signals according to a perceived
admittance; wherein the frame structure (3) also includes dependent joint angles, which do not have an independent
motion, and wherein subject torques (t,44en;) Measured from the bioelectric signals (tzyg) at all joints of the frame
structure are averaged, in order to determine an equivalent admittance perceived by the subject (2).

Exoskeleton haptic device (1) comprising a frame structure (3); and actuator means (10), coupled to the frame
structure (3) and operable to cause movements of a number of joints (7, 8, 9) thereof, characterized by comprising

a control system (12) according to any one of the previous claims.

A computer program product comprising computer instructions for implementing, when executed in a processing
unit, the control system (12) according to any one of claims 1-15.
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