US 201902693

a9y United States
12) Patent Application Publication (o) Pub. No.: US 2019/0269343 Al

43A1

RAMOS MURGUIALDAY et al. (43) Pub, Date: Sep. 5, 2019
(54) PARETIC LIMB REHABILITATION A61B 5/00 (2006.01)
METHODS AND SYSTEMS AG6IB 5/0488 (2006.01)
(52) US.CL
(71)  Applicants: FUNDACION TECNALIA CPC ... AG6IB 5/04001 (2013.01); A61B 5/1107
RESEARCH & INNOVATION, Derio (2013.01); A61B 5/224 (2013.01); A61B
(Vizcaya) (ES); THE REGENTS OF 5/1124 (2013.01); A61B 5/1122 (2013.01);
THE UNIVERSITY OF AGIB 5/6824 (2013.01); A61B 5/4082
CALIFORNIA, Oakland, CA (US); (2013.01); A61B 5/1128 (2013.01); A61B
EBERHARD KARLS 574052 (2013.01); 461B 2505/09 (2013.01);
UNIVERSITAT TUBINGEN, AG61H 2205/06 (2013.01); AG1B 5/6825
Tiibingen (DE) (2013.01); A61H 2230/085 (2013.01); A61B
(72) Inventors: Ander RAMOS MURGUIALDAY, /0488 (201301)
Donostia (ES); Andrea SARASOLA,
Tubingen (DE); Jose Miguel (57) ABSTRACT
CARMENA RAMON, Berkeley, CA . .
(US); Joseph MCINTYRE, Donostia Generator systems and methods are provided for generating
(FS) a neuromuscular-to-motion decoder from a healthy limb.
The generator system is configured to receive neuromuscu-
1) Appl. No.: 16/418,186 lar signals from neuromuscular sensors associated to pre-
defined muscle/nerve locations of at least one pair of agonist
(22) Filed: May 21, 2019 and antagonist muscles/nerves of the healthy limb, obtained
during performance by the person of a predefined exercise
Related U.S. Application Data (defined by predefined exercise data) with the healthy limb;
. . L to receive motion signals from motion sensors associated to
(63) Continuation of application No. PCT/ES2016/ predefined positions of the healthy limb, during performance
070833, filed on Nov. 22, 2016. by the person of the predefined exercise with the healthy
Publication Classification limb; and to generate the neuromuscular-to-motion decoder
by mapping the neuromuscular signals to the motion signals
(51) Imt. CL over time using a mapping method. Rehabilitation systems
A61B 5/04 (2006.01) are also provided for rehabilitating a paretic limb by using
A61B 5/11 (2006.01) a neuromuscular-to-motion decoder produced by a generator
AG6IB 5/22 (2006.01) system.
&00 Recelving input from an
\M operator including an
indicator of evolution of
the rehabilfation
Determining third weight
801 . for first motion commands
S and fourth weight for
second motion commands
depending on indicator of
eveolution of rehabilitation
Determining final motion
commands based on first
02—, motion commands

weighted with third weight
and second molion
commands weighted with
fourth weight




Patent Application Publication  Sep. 5,2019 Sheet 1 of 7 US 2019/0269343 A1

nevromuscutar] | o~ 107
signal
ampitfier

analogto- 108
iital s
comwverter

- Computing
system

Fig. 1



Sep. 5,2019 Sheet 2 of 7 US 2019/0269343 A1

Patent Application Publication

WIBISAS
Bunduun 0L

........ g,
e
k1
greespanmssrens %
v So— ‘w
H
H
R m
55 H 7
7 H I
i i 7
H H wH
7 H 2
: ; ;
3 B 3
% ‘., 5
: 7 %
e, 4 %
P %
& H
:

O

3 !
e




Patent Application Publication  Sep. 5,2019 Sheet 3 of 7 US 2019/0269343 A1

300

3{_}4 ______________________________________________________________________________________________________________________________ 302
\ /
\.\\ l{,-—"'

1 | ‘ |
Receiving Recelving

neuromuscular SRS
signals from | motion signals
healthy limb | from healthy limb

Generating —A03
neuromuscularfo- | 7
mation decoder
by mapping received
neuromuscular
and motion signals

P 364

Fig. 3



Patent Application Publication  Sep. 5,2019 Sheet 4 of 7 US 2019/0269343 A1

400
401 403
| |

~ ‘
\ L (““
i ;

Receiving Receiving motion
neuromuscular Receiving m
signals from

signals from . |
paretic arm parelic arm

Detenmining trajectarny
404 T~ | data depending on
1 deviation betwaaeen
; metion signals
4?2 and exercise data
\\\
Inpulting nevromuscular 408 . mﬁeﬁe_rmméﬂg second
sigaals nio i motlion commands
neuromuscutar-io-motion depending on
decoder tp gonerate first determined
motion commands {rajectory data
Determining fingl
motion commands | 406
depending on frst
and second motion
commands
Sending final e
Ff 4 muotion commangds 407
rig. to body actuator
for stimulating
the patient




Patent Application Publication  Sep. 5,2019 Sheet 5 of 7 US 2019/0269343 A1

i Comparing first motion

500 ~ | commands and second

~1 motion commands for

| obtaining first indicator
of similarity

| Determining first weight
501~~~ {for first motion commands
-1 and second weight for
isecond motion commands
i  depending on first
indicator of similarity

Y

i Determining final motion

| commands based on first

502 ™ motion commands
~4 weighted with first weight

| and second motion

| commands weighted with

| second weight

Fig. 5



Patent Application Publication  Sep. 5,2019 Sheet 6 of 7 US 2019/0269343 A1

AAA . Receiving input from an
8600 ~. . .
...} operatorincluding an
indicator of evolution of
the rehabilitation

Y
Determining third weight
801 for first motion commands

“~1  and fourth weight for
second molion commands
depending on indicator of
gvolution of rehabilitation

L

Determining final motion
commands based on first
€02 7™ motion commands
weighted with third weight
and second motion
commands weighted with
fourth weight

e

Fig. 6



Patent Application Publication  Sep. 5,2019 Sheet 7 of 7 US 2019/0269343 A1

{ Comparing first motion
700~ | commands and second
‘“ motion commands for
lobtaining second indicator
| of similarity

Y

701 ~—. | Transforming

~—4 first motion commands
| depending on second

indicator of similarity

Y

| Determining final motion
702 —— | commands based on
| M| the transformed first
' motion commands
and the second motion
commands

Fig. 7



US 2019/0269343 A1l

PARETIC LIMB REHABILITATION
METHODS AND SYSTEMS

CROSS-REFERNCE TO RELATED
APPLICATIONS

[0001] This application relates to and claims the benefit
and priority to International Application No. PCT/ES2016/
070833, filed Nov. 22, 2016.

FIELD

[0002] The present disclosure relates to methods, systems
and computer programs for rehabilitating a paretic limb of a
patient.

BACKGROUND

[0003] Brain vascular accidents caused by stroke, brain
injury, or cerebral paralysis are one of the main causes of
long-term motor disability worldwide and in more than 85%
of these cases functional deficits in motor control occur.
Incidence of first stroke in Europe is about 1.1 million and
prevalence about 6 million. Of all stroke survivors showing
no active upper limb motion at hospital admission 14%
showed complete recovery, 30% showed partial recovery
and 56% show little or no recovery, and the grand majority
retained sensory function.

[0004] Electromyography (EMG) is an electro-diagnostic
medicine technique for evaluating and recording the elec-
trical activity produced by skeletal muscles. An EMG signal
represents the electric potential generated by muscle cells
when these cells are electrically or neurologically activated.
The EMG signals are generally used to detect medical
abnormalities, activation level, or recruitment order, or to
analyse the biomechanics of human or animal movement.
[0005] Systems and methods for rehabilitating a paretic
limb are known in the state of the art, which are based on
using EMG signals from the paretic limb and applying an
assistive motion/force through a robot-aided tool.

[0006] Some of said systems/methods use EMG signals of
the paretic limb as an indicator of the overall generated
effort, and trigger a pre-programmed assistive movement
when the amplitude of the muscle activation goes over a
predefined threshold.

[0007] Other known EMG-based systems and methods
comprise implemented proportional controllers in which the
amount of the provided assistive force is proportional to the
amplitude of the EMG signal recorded from the impaired
limb.

[0008] In some other known EMG-based systems and
methods, the direction and amplitude of the intended move-
ment are deduced depending on the EMG signals (from the
paretic limb) themselves.

[0009] WO2016076886 (A1) discloses a system for motor
rehabilitation of a paretic limb of a patient comprising: a first
plurality of sensors for registering brain neuro-signals of the
patient; a body-actuator couplable to, at least, the paretic
limb; a hybrid brain machine interface for decoding brain
neurosignals into movements of the body-actuator. The
system further comprises: a second plurality of EMG sen-
sors couplable to the paretic limb for registering its neuro-
muscular activity; means for providing the patient with
instructions relative to a series of exercises and/or tasks to be
carried out with the paretic limb; and in that upon carrying
out a series of training sessions, each session comprising at
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least a set of such instructions. The hybrid brain machine
interface is configured to switch between controlling the
movements of the body-actuator based on the decoded brain
neurosignals and a hybrid control of the movements of the
body-actuator, when a significant level of decodable neuro-
muscular activity has been registered, the hybrid control
being an EMG-gated brain control. The invention also
relates to a method for motor rehabilitation of the paretic
limb.

SUMMARY

[0010] In a first aspect, a generator system is provided for
generating a neuromuscular-to-motion decoder from a
healthy limb of a person. The generator system comprises
neuromuscular sensors, motion sensors, and a controller
system.

[0011] The controller system (of the generator system) is
configured to receive neuromuscular signals obtained by the
neuromuscular sensors associated to predefined muscle and/
or nerve locations of at least one pair of agonist and
antagonist muscles/nerves of the healthy limb. The neuro-
muscular signals are obtained during performance by the
person of a predefined exercise with the healthy limb. The
predefined exercise is defined by predefined exercise data.
[0012] The controller system (of the generator system) is
further configured to receive motion signals obtained by the
motion sensors associated to predefined positions of the
healthy limb. The motion signals are obtained during per-
formance by the person of the predefined exercise with the
healthy limb. The predefined positions of the healthy limb
may be such that motions resulting from neuromuscular
activity (represented by the obtained neuromuscular signals)
are suitably sensed by the motion sensors.

[0013] The controller system (of the generator system) is
still further configured to generate the neuromuscular-to-
motion decoder by mapping the neuromuscular signals to
the motion signals over time using a mapping method.
[0014] The proposed generator system may be very useful
in the sense that the neuromuscular-to-motion decoder pro-
duced by the generator system may be used for effectively
rehabilitating a paretic limb of a patient.

[0015] The neuromuscular-to-motion decoder may be a
mathematical function or module defining a mapping or
cause-effect relationship between both types of signals, i.e.
an evolution over time of motion signals (effect) depending
on neuromuscular signals (cause).

[0016] In an example, the neuromuscular-to-motion
decoder may be generated in the form of a mathematical
function by using a statistical method such as e.g. a regres-
sion method. In another example, the neuromuscular-to-
motion decoder may be a mathematical module implement-
ing e.g. an artificial neural network or the like. The
mathematical function or module implementing the neuro-
muscular-to-motion decoder may be trained based on a
machine learning method using the neuromuscular and
motion signals from the healthy limb.

[0017] The neuromuscular-to-motion decoder may be
used as a model representing which motion is derived from
which neuromuscular activity in the healthy limb. The
neuromuscular-to-motion decoder may thus be used for
rehabilitating a paretic limb of a patient by taking the
neuromuscular-to-motion decoder as a neuromuscular
behaviour of reference to be finally achieved by the paretic
limb.
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[0018] The generator system may be used to generate an
initial version of the neuromuscular-to-motion decoder from
a healthy limb of a person, and said initial version may be
subsequently enriched by using the generator system applied
to a healthy limb of other people. Hence, the proposed
generator system may be properly used to obtain a powerful
neuromuscular-to-motion decoder from several healthy
limbs, one of which belonging to a patient to be rehabilitated
or not.

[0019] In a second aspect, a rehabilitation system is pro-
vided for rehabilitating a paretic limb of a patient by using
a neuromuscular-to-motion decoder generated by a genera-
tor system as the one described before. The rehabilitation
system comprises neuromuscular sensors, motion sensors,
and a controller system. The paretic limb may be of a same
type as a healthy limb taken into account in the generation
of the neuromuscular-to-motion decoder.

[0020] The controller system (of the rehabilitation system)
is configured to receive neuromuscular signals obtained by
the neuromuscular sensors associated to predefined muscle
and/or nerve locations of the paretic limb corresponding to
predefined muscle and/or nerve locations of one (or more)
healthy limb(s) taken into account in the generation of the
neuromuscular-to-motion decoder. The neuromuscular sig-
nals are obtained during an attempt by the patient to perform
with the paretic limb a predefined exercise defined by
predefined exercise data taken into account in the generation
of the neuromuscular-to-motion decoder.

[0021] The controller system (of the rehabilitation system)
is further configured to input the neuromuscular signals to
the neuromuscular-to-motion decoder for causing the neu-
romuscular-to-motion decoder to output first motion com-
mands. That is, the cause-effect relationship between neu-
romuscular signals and motion signals from one (or more)
healthy limbs is used to infer a motion to be performed by
the paretic limb.

[0022] The controller system (of the rehabilitation system)
is still further configured to receive motion signals obtained
by the motion sensors associated to predefined positions of
the paretic limb corresponding to predefined positions of the
healthy limb taken into account in the generation of the
neuromuscular-to-motion decoder. The motion signals are
obtained during the attempt by the patient to perform the
predefined exercise with the paretic limb.

[0023] The controller system (of the rehabilitation system)
is additionally configured to determine trajectory data defin-
ing a trajectory to be followed by the paretic limb depending
on a deviation between the motion signals and the pre-
defined exercise data, and to determine second motion
commands depending on the determined trajectory data to
be followed by the paretic limb.

[0024] The controller system (of the rehabilitation system)
is still additionally configured to determine final motion
commands depending on the first motion commands and the
second motion commands, and to send the final motion
commands to a body actuator associated to the paretic limb
for controlling the body actuator so as to stimulate (or
induce) the patient to perform the predefined exercise with
the paretic limb.

[0025] The proposed rehabilitation system permits induc-
ing a “hybrid” motion of the paretic limb combining a
motion component due to neuromuscular activity detected in
the paretic limb (first motions commands), and another
motion component aimed at guiding the paretic limb
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towards a valid trajectory according to the predefined exer-
cise data (second motion commands).

[0026] Once the patient has achieved a high level of
rehabilitation, the guiding component (second motion com-
mands) may be highly reduced for causing the neuromus-
cular activity of the paretic limb (first motion commands) to
be the main driving inducer of the motion of the paretic limb.
[0027] During initial and intermediate (i.e. non-final)
rehabilitation stages, the first motion commands may rep-
resent an incorrect motion of the paretic limb and the second
motion commands may represent a correction of said incor-
rect motion aimed at redirecting the limb towards a valid
trajectory according to the predefined exercise data.

[0028] This hybrid motion may cause a visual and/or
proprioceptive feedback on the patient when guiding the
patient to finally complete the exercise. This feedback may
provide the patient with information about the correctness of
his/her muscular activations and hence, may establish a
closed-loop system that might lead to the activation of
neuro-plastic mechanisms that can restore the motor func-
tion. Other types of feedback that can be provided are e.g.
haptic, auditory, etc.

[0029] The generator and rehabilitation systems proposed
herein permit predicting kinematic (or motion) signals from
the neuromuscular activity of the paretic limb and, therefore,
establishing a continuous myoelectric control of the body
actuator (e.g. an exoskeleton).

[0030] In some examples, a body actuator other than an
exoskeleton may be used, in which case additional decoding
(s) may be needed. For example if a Functional electrical
stimulation (FES) system is used, the motion signals may be
mapped into electrostimulation signals that may cause
motions of the paretic limb according to the motion signals.
[0031] An exoskeleton and a FES system may cooperate
to function as body actuator. Other neuromuscular stimula-
tion systems based on e.g. ultrasound waves and/or optical
(e.g. infrared) waves may also be used as body actuator, in
cooperation or not with an exoskeleton and/or a FES system.
[0032] The person taken into account by the generator
system to generate the neuromuscular-to-motion decoder
and the patient rehabilitated by the rehabilitation system
may coincide or not. In the first case, a mirrored effect may
be achieved in the sense that the neuromuscular behaviour of
the healthy limb of the patient may be someway replicated
on the paretic limb of the patient using the rehabilitation
system. In the second case, a neuromuscular-to-motion
decoder generated from one or more healthy limbs of people
different from the patient may be used to rehabilitate the
patient through the rehabilitation system also with accept-
able results.

[0033] When the person “processed” by the generator
system coincides with the patient “processed” by the reha-
bilitation system, the use of neuromuscular and kinematic/
motion signals from the healthy limb to generate the neu-
romuscular-to-motion decoder enables the creation of a
subject-specific model of correct activity.

[0034] The participation of agonist-antagonist muscle/
nerve pairs permits suitably controlling the compensatory
over-activation of antagonist muscles/nerves inherent in
stroke patients.

[0035] Providing intuitive feedback based on a model of
healthy activity could inhibit pathological synergies and
enhance the re-integration of the correct and natural patterns
of muscle/nerve activations.
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[0036] The suggested rehabilitation system has been
proven to be applicable not only to mild and moderate but
also to severely paralysed patients, who often retain some
residual neuromuscular activity in spite of being unable to
produce any movement of the affected limb. Hence, patients
who are not eligible for many prior art rehabilitation meth-
ods (and systems) may benefit from the proposed rehabili-
tation system.

[0037] This proposed neuromuscular-powered (rehabilita-
tion) system may require continuous activation of the paretic
muscles/nerves to drive the movement of the body actuator,
thereby guaranteeing the engagement of the patient at all
times during the rehabilitation therapy.

[0038] Given final motion commands causing an actuation
of the body actuator and given neuromuscular signals from
which said final motion commands are derived, less than 300
ms may elapse between the actuation of the body actuator
and the obtaining of the neuromuscular signals. Such a
contingent link between action and feedback may effectively
promote plasticity and, hence, learning and rehabilitation in
the patient.

[0039] The proposed generator and rehabilitation systems
may thus permit an effective rehabilitation without the need
of processing brain neuro-signals, as it is required in the case
of some prior art systems. Hence, the suggested generator
and rehabilitation systems may be significantly simpler and
cheaper than prior art systems based on processing brain
neuro-signals.

[0040] In some examples of the generator system and/or
the rehabilitation system, the neuromuscular sensors may
comprise one or more electromyography (EMG) sensors,
and/or one or more electroneurography (ENG) sensors,
and/or one or more ultrasound sensors, and/or one or more
optical sensors. Said sensors may be invasive or not.
[0041] ENG sensors generate ENG signals representing
measurements of the electrical activity of a nerve, ultrasound
sensors measure mechanical properties of a muscle/nerve
based on ultrasound waves, and optical sensors measure
optical properties of a muscle/nerve based on optical waves
(e.g. infrared waves).

[0042] The generator system and/or the rehabilitation sys-
tem may be constituted by means which may be electronic
means or computing means used interchangeably. That is, a
part of the means may be electronic means and the other part
may be computer means, or all the means may be electronic
means (fully electronic system) or all the means may be
computer means (fully computing system).

[0043] Examples of systems comprising only electronic
means may be a CPLD (Complex Programmable Logic
Device), an FPGA (Field Programmable Gate Array) or an
ASIC (Application-Specific Integrated Circuit).

[0044] More detailed descriptions of the generator and
rehabilitation systems and optional features thereof are
disclosed in other parts of the description.

[0045] Inathird aspect, a generator method is provided for
generating a neuromuscular-to-motion decoder from a
healthy limb of a person. The generator method comprises
receiving neuromuscular signals obtained by neuromuscular
sensors associated to predefined muscle and/or nerve loca-
tions of at least one pair of agonist and antagonist muscles/
nerves of the healthy limb. The neuromuscular signals are
obtained during performance by the person of a predefined
exercise with the healthy limb. The predefined exercise is
defined by predefined exercise data.
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[0046] The generator method further comprises receiving
motion signals obtained by motion sensors associated to
predefined positions of the healthy limb. The motion signals
are obtained during performance by the person of the
predefined exercise with the healthy limb.

[0047] The generator method still further comprises gen-
erating the neuromuscular-to-motion decoder by mapping
the neuromuscular signals to the motion signals over time
using a mapping method. The neuromuscular-to-motion
decoder may be used for rehabilitating a paretic limb.
[0048] Since the proposed generator method is suitable for
being performed by the generator system, all the aspects and
principles commented with respect to the generator system
can be similarly attributed to the generator method.

[0049] 1In a fourth aspect, a rehabilitation method is pro-
vided for rehabilitating a paretic limb of a patient by using
a neuromuscular-to-motion decoder generated by a genera-
tor method as the one previously described.

[0050] The rehabilitation method comprises receiving
neuromuscular signals obtained by neuromuscular sensors
associated to predefined muscle and/or nerve locations of the
paretic limb corresponding to predefined muscle and/or
nerve locations of a healthy limb taken into account in the
generation of the neuromuscular-to-motion decoder. The
neuromuscular signals are obtained during an attempt by the
patient to perform with the paretic limb a predefined exer-
cise defined by predefined exercise data taken into account
in the generation of the neuromuscular-to-motion decoder.
[0051] The rehabilitation method further comprises input-
ting the neuromuscular signals to the neuromuscular-to-
motion decoder for causing the neuromuscular-to-motion
decoder to output first motion commands.

[0052] The rehabilitation method still further comprises
receiving motion signals obtained by motion sensors asso-
ciated to predefined positions of the paretic limb correspond-
ing to predefined positions of the healthy limb taken into
account in the generation of the neuromuscular-to-motion
decoder. The motion signals are obtained during the attempt
by the patient to perform the predefined exercise with the
paretic limb.

[0053] The rehabilitation method additionally comprises
determining trajectory data defining a trajectory to be fol-
lowed by the paretic limb depending on a deviation between
the motion signals and the predefined exercise data, and
determining second motion commands depending on the
determined trajectory data to be followed by the paretic
limb.

[0054] The rehabilitation method still additionally com-
prises determining final motion commands depending on the
first motion commands and the second motion commands,
and sending the final motion commands to a body actuator
associated to the paretic limb for controlling the body
actuator so as to stimulate (or induce) the patient to perform
the predefined exercise with the paretic limb.

[0055] Since the proposed rehabilitation method is suit-
able for being performed by the rehabilitation system, all the
aspects and principles commented with respect to the reha-
bilitation system can be similarly attributed to the rehabili-
tation method.

[0056] In a fifth aspect, a computing system is provided
comprising a memory and a processor, embodying instruc-
tions stored in the memory and executable by the processor,
the instructions comprising functionality to execute a gen-
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erator method for generating a neuromuscular-to-motion
decoder from a healthy limb of a person.

[0057] This computing system may be a part of the
generator system, i.e. a computing system inside the gen-
erator system, or may be the generator system itself.
[0058] In a sixth aspect, a further computing system is
provided comprising a memory and a processor, embodying
instructions stored in the memory and executable by the
processor, the instructions comprising functionality to
execute a rehabilitation method for rehabilitating a paretic
limb of a patient.

[0059] This further computing system may be a part of the
rehabilitation system, i.e. a computing system inside the
rehabilitation system, or may be the rehabilitation system
itself.

[0060] In aseventh aspect, a computer program product is
provided comprising program instructions for causing a
computing system to perform a generator method for gen-
erating a neuromuscular-to-motion decoder from a healthy
limb of a person.

[0061] The computing system executing these program
instructions may be a part of the generator system (i.e. a
sub-system inside the generator system configured to repro-
duce the generator method described above) or may be the
generator system itself.

[0062] In an eighth aspect, a further computer program
product is provided comprising program instructions for
causing a computing system to perform a rehabilitation
method for rehabilitating a paretic limb of a patient.
[0063] The computing system executing these program
instructions may be a part of the rehabilitation system (i.e.
a sub-system inside the rehabilitation system configured to
reproduce the rehabilitation method described above) or
may be the rehabilitation system itself.

[0064] Any of the aforementioned computer program
products may be embodied on a storage medium (for
example, a CD-ROM, a DVD, a USB drive, on a computer
memory or on a read-only memory) or carried on a carrier
signal (for example, on an electrical or optical carrier
signal).

[0065] Any of said computer programs may be in the form
of source code, object code, a code intermediate source and
object code such as in partially compiled form, or in any
other form suitable for use in the implementation of the
corresponding method. The carrier may be any entity or
device capable of carrying the computer program.

[0066] For example, the carrier may comprise a storage
medium, such as a ROM, for example a CD ROM or a
semiconductor ROM, or a magnetic recording medium, for
example a hard disk. Further, the carrier may be a transmis-
sible carrier such as an electrical or optical signal, which
may be conveyed via electrical or optical cable or by radio
or other means.

[0067] When any of the computer programs is embodied
in a signal that may be conveyed directly by a cable or other
device or means, the carrier may be constituted by such
cable or other device or means.

[0068] Alternatively, the carrier may be an integrated
circuit in which the computer program is embedded, the
integrated circuit being adapted for performing, or for use in
the performance of, the relevant methods.

[0069] These and other advantages and features will
become apparent in view of the detailed description and
drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0070] Non-limiting examples of the present disclosure
will be described in the following, with reference to the
appended drawings, in which:
[0071] FIG. 1 is a schematic representation of a generator
system according to examples.

[0072] FIG. 2 is a schematic representation of a rehabili-
tation system according to examples.

[0073] FIG. 3 is a flow chart schematically illustrating a
generator method according to examples.

[0074] FIG. 4 is a flow chart schematically illustrating a
rehabilitation method according to examples.

[0075] FIGS. 5-7 are flow charts schematically illustrating
various examples of determining the final motion commands
depending on first and second motion commands, in the
context of a rehabilitation method similar to the one shown
in FIG. 4.

DETAILED DESCRIPTION

[0076] An example of generator system is schematically
shown in FIG. 1, and an example of rehabilitation system is
schematically shown in FIG. 2. The generator system may
be comprised in the rehabilitation system or not.

[0077] The generator system 100 may be configured to be
applied to a healthy arm 110 but, in other examples, the
system 100 could be configured to be applied to a healthy
leg.

[0078] The generator system 100 may comprise a plurality
of neuromuscular sensors 101-104, a control unit 106 and
corresponding connections 105 connecting the neuromus-
cular sensors 101-104 and the control unit 106. In the
particular case shown, the connections 105 are wired con-
nections. However, all or part of said connections may be
wireless. The generator system 100 may further comprise a
computing (or controller) system 109.

[0079] The neuromuscular sensors 101-104 may comprise
EMG sensor(s) and/or ENG sensor(s) and/or ultrasound
sensor(s) and/or optical sensor(s) aimed at the same purpose.
The neuromuscular sensors 101-104 may be invasive or not.

[0080] The control unit 106 may comprise a neuromus-
cular signal amplifier 107 for amplifying analogic neuro-
muscular signals from the neuromuscular sensors 101-104,
and an Analog-to-Digital (AD) converter 108 for converting
the amplified neuromuscular signals into digital neuromus-
cular signals.

[0081] A first set of neuromuscular sensors 101, 102 may
be configured to be applied to a first pair of agonist and
antagonist muscles/nerves of the arm (or leg) 110. A second
set of neuromuscular sensors 103, 104 may be configured to
be applied to a second pair of agonist and antagonist
muscles/nerves of the arm (or leg) 110. Other sensor con-
figurations different from the one shown are also possible.
For example, the number of sensors applied to an agonist
and to its antagonist may not coincide, i.e. unbalanced
numbers of sensors are also possible.

[0082] The sensors (e.g. electrodes) 101-104 may be, for
example, bipolar surface electrodes with conductive gel, and
may be provided (or not) as an array with a high density of
electrodes. The sensors (e.g. electrodes) 101-104 may be
configured to be adhered (or, in some examples, implanted)
to the skin of the patient for sensing neuromuscular activity
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at corresponding muscle and/or nerve locations. The sensors
101-104 may comprise e.g. subcutaneous sensors (e.g. elec-
trodes).

[0083] The generator system may further comprise motion
sensors (not shown) including e.g. inertial, magnetic or
optical sensors (such as e.g. accelerometers, gyroscopes,
etc.) arranged and configured to provide functionalities of
motion detection and quantification. These sensors may be
included (or embedded) in suitable devices, such as e.g. data
gloves or the like, or even in an exoskeleton movable by the
healthy limb with or without guiding functionalities aimed at
guiding the healthy limb to perform a predefined exercise.

[0084] The control unit 106 may be connected to the
computing system 109 in such a way that the computer 109
may receive neuromuscular signals from the sensors 101-
104 during performance of a predefined exercise. Suitable
connections between the motion sensors and the computing
system 109 may also exist for the computer 109 to receive
motion signals generated by the motion sensors.

[0085] The computing system 109 may comprise a
memory and a processor. The memory may store a computer
program comprising instructions that are executable by the
processor for causing the performance of a generator method
for generating a neuromuscular-to-motion decoder from a
healthy limb. This “generator” computer program may be a
standalone program or may require the loading of external
module(s) or other pieces of software.

[0086] A resulting neuromuscular-to-motion decoder may
be stored in a repository (e.g. hard disk) associated to the
computing system 109. This repository may be local or
remote with respect to the computer system 109.

[0087] FIG. 2 is a schematic representation of a rehabili-
tation system for rehabilitating a paretic limb, according to
examples. The rehabilitation system may comprise a con-
figuration similar to the one shown in FIG. 1, with neuro-
muscular sensors for obtaining signals representing the
neuromuscular activity of the paretic limb during perfor-
mance of a predefined exercise. This predefined exercise
may be the same as the one taken into account for obtaining
the neuromuscular-to-motion decoder to be used for reha-
bilitating the paretic limb. The rehabilitation system may
further comprise corresponding motions sensors and a com-
puting (or controller) system 109.

[0088] In some examples, a generator system such as the
one shown in FIG. 1 may be comprised in a rehabilitation
system such as the one shown in FIG. 2. In this case, the
neuromuscular sensors used to generate the neuromuscular-
to-motion decoder may be reused to obtain neuromuscular
signals from a paretic limb to be rehabilitated. The same
computing system 109 may be employed for e.g. executing
both a generator method and a rehabilitation method as
explained in other parts of the description.

[0089] In the particular case of FIG. 2, it is shown a
robotic exoskeleton 200 (as body actuator) configured to be
applied to an arm 201. However, in other examples, the
robotic exoskeleton 200 may be mountable to a leg. In other
examples, the body actuator may be a Functional electrical
stimulation (FES) system, or any other type of system that
could provide the patient with feedback about his/her neu-
romuscular activity. In further examples, an exoskeleton and
a FES system may cooperate to function as a hybrid body
actuator or the like. Neuromuscular stimulation systems
based on ultrasound waves and/or optical waves may also be
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used, in combination or not with an exoskeleton and/or a
FES system for body actuation.

[0090] The robotic exoskeleton 200 may be movable
according to a number of degrees of freedom so as to permit
the motion of different segments of the arm 201, such as e.g.
upper arm (not shown), forearm 203, wrist 204 and fingers
205. The exoskeleton 200 may be configured to permit
functional movements of the arm (or leg).

[0091] Inparticular examples, the robotic exoskeleton 200
may comprise a mobile base 202 and a hand-module 210
that may be mountable on the mobile base 202.

[0092] The mobile base 202 may have, in some examples,
three degrees of freedom and may (optionally) include a
camera for tracking bi-dimensional movements of the base
on a plane of reference. Other quantities of degrees of
freedom different from three may be considered in other
examples.

[0093] The hand-module 210 may have, in some
examples, four degrees of freedom and (optionally) may be
configured to track the motion of the wrist 204 and/or fingers
205. Other numbers of degrees of freedom may be consid-
ered in different examples.

[0094] The robotic exoskeleton 200 may comprise motors
206-208 each configured to cause movement of the exoskel-
eton in a corresponding degree of freedom.

[0095] For the sake of simplicity, only some motors 206-
208 are indicated in the figure. The exoskeleton 200 may
however comprise other quantities of motors, depending on
e.g. the number of degrees of freedom under consideration.
[0096] A controller of the motors 206-208 of the exoskel-
eton 200 may be connectable to the computer system 109
through a connection 209 that may be e.g. a USB connec-
tion. Other types of connections are also possible, such as
e.g. wireless connections.

[0097] Different motors 206-208 of the exoskeleton 200
may communicate between them through a CAN commu-
nication, so that a proper communication channel between
the computer system 109 and the motors 206-208 may be
defined.

[0098] The exoskeleton 200 may also provide functional-
ities of motion detection and quantification. These function-
alities may be provided through e.g. rotary encoders (a type
of motion sensors) configured to generate motion signals
representing motion conditions associated to different
degrees of freedom. A (rotatory) encoder may be included in
a corresponding motor 206-208.

[0099] Motion sensors similar to the ones described with
reference to generator system (of FIG. 1) may also be
comprised in rehabilitation system (of FIG. 2). In the case
that the generator system is comprised in the rehabilitation
system, the motion sensors of the generator system may be
reused to participate in rehabilitating a paretic limb.
[0100] Inany case, with respect to motion sensors of either
a generator or rehabilitation system or a combination
thereof, a motion condition (sensed by a motion sensor) may
comprise e.g. at least one of a position, a velocity, an
acceleration, a torque, a force etc. in a given degree of
freedom.

[0101] Additionally or alternatively to the encoders
described before, known inertial, magnetic or optical sensors
embedded in suitable devices, such as e.g. data gloves, or in
wearable parts of the exoskeleton, may be used to implement
the functionalities of motion detection and quantification.
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[0102] The communication channel(s) established
between the computer system 109 and the motors 206-208
of the exoskeleton 200 may permit the computer system 109
to receive the motion signals (from encoders). As explained
in detail in other parts of the description, said motion signals
may be suitably processed by the computer system 109 in
the context of methods for rehabilitating a paretic limb.

[0103] The communication channel(s) between the com-
puter system 109 and the motors 206-208 of the exoskeleton
200 may permit the computer system 109 to generate and
send (final) motion commands to the exoskeleton 200. These
(final) motion commands may induce the exoskeleton 200 to
move as required in the context of methods for rehabilitating
a paretic limb. Details about this are disclosed in other parts
of the description.

[0104] The camera included in the mobile base 202 may
also be connectable to the computer system 109 through e.g.
a USB or wireless connection and/or may optionally permit
determining bi-dimensional positions of the base 202 on the
plane of reference. Said positions may be determined, for
example, by decoding Data-matrix codes printed on a table
defining the plane of reference.

[0105] The exoskeleton 200 may be configured to be
indistinctly applied to a (right or left) healthy arm/leg, and
to a (right or left) paretic arm/leg. This way, the same
exoskeleton 200 may be used for performing both a gen-
erator method (with healthy limb or limbs) and a rehabili-
tation method (with paretic limb). Details about how the
exoskeleton may be used in said generator and rehabilitation
methods are explained in detail in other parts of the descrip-
tion.

[0106] Alternatively to an exoskeleton, such as the one of
FIG. 2, the rehabilitation system may comprise another type
of body actuator, such as e.g. a neuromuscular stimulation
system or a combination thereof. Examples of neuromuscu-
lar stimulation systems are e.g. a Functional electrical stimu-
lation (FES) system, a neuromuscular stimulation system
based on ultrasound waves, a neuromuscular stimulation
system based on optical waves, etc.

[0107] The neuromuscular stimulation system (e.g. FES
system) may be configured to provide functionalities of
motion induction substantially equivalent to those provided
by the exoskeleton as described before. That is, based on
received motion commands, the (FES) system may (elec-
tro-) stimulate the arm (or leg) 201 in such a way that
required motions of the arm (or leg) 201 are induced with
same or similar results as if the exoskeleton were used.

[0108] Permitted motion directions substantially equiva-
lent to the degrees of freedom described in relation to the
exoskeleton may be taken into account if a neuromuscular
stimulation system (e.g. FES system) is used as body
actuator. That is, in the case of using a FES system instead
of an exoskeleton, the arm 201 may be electro stimulated so
as to cause the motion of the arm 201 only in said permitted
motion directions.

[0109] The memory of the computing system 109 may
further store a computer program comprising instructions
that are executable by the processor for performing a reha-
bilitation method for rehabilitating a paretic limb. This
“rehabilitation” program may be a separate program with
respect to the “generator” program described in relation to
FIG. 1, or not. In this last case, the “rehabilitation” program
and the “generator” program may be different sub-programs
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(or sub-modules) of a same computer program providing
both types of (generator and rehabilitation) functionalities.
[0110] The neuromuscular-to-motion decoder to be used
by the rehabilitation system may be retrieved from a reposi-
tory (e.g. hard disk) associated to the computing system 109.
This repository may be local or remote with respect to the
computer system 109.

[0111] FIG. 3 shows a flowchart schematically illustrating
an example of a generator method for generating a neuro-
muscular-to-motion decoder from a healthy limb. This gen-
erator method may take into account (neuromuscular and
motion) signals from a healthy arm of a person during
performance of a predefined exercise by the person with the
healthy arm.

[0112] This generator method may be performed by using
a generator system equal or similar to the ones described
before with reference to previous figures. References to said
previous figures may be thus included along the following
description about FIG. 3.

[0113] At block 300, the method may be started as a result
of receiving a starting condition, such as e.g. a user request
inputted by an operator of the generator system.

[0114] At this point, the person may be requested to
perform the predefined exercise with the healthy arm. The
predefined exercise may be defined by predefined exercise
data which is available to the computer system 109.
[0115] In some examples, the computer system 109 may
process the predefined exercise data to generate reproducible
data and send it to a reproducing system, so as to provide
audio and/or visual instructions to the person of how to
perform the predefined exercise.

[0116] At block 301, neuromuscular signals may be
received (by the computer system 109) from neuromuscular
sensors 101-104 attached to the healthy arm, during perfor-
mance of the predefined exercise.

[0117] The neuromuscular sensors 101-104 may be
attached to regions of the healthy arm associated to pre-
defined muscle and/or nerve locations of at least one pair of
agonist and antagonist muscles/nerves of the healthy arm.
The attachment of the neuromuscular sensors 101-104 may
be equal or similar to the attachment shown in FIG. 1, for
example.

[0118] At block 302, motion signals may be received from
motion sensors associated to predefined positions of the
healthy limb, during performance of the predefined exercise.
The nature of said motion sensors and corresponding motion
signals are explained in detail in other parts of the descrip-
tion, in any case wherein an exoskeleton or a stimulation
system (e.g. FES system) or a combination thereof is
employed.

[0119] At block 303, a neuromuscular-to-motion decoder
may be generated for each of all or some of the degrees of
freedom (in exoskeleton-based examples) or permitted
motion directions (in examples based on a stimulation
system) under consideration.

[0120] Given a particular degree of freedom (or permitted
motion direction), a neuromuscular-to-motion decoder may
be generated by mapping the received neuromuscular sig-
nals and motion signals corresponding to said degree of
freedom (or permitted motion direction). It is also possible
to generate a single neuromuscular-to-motion decoder with
different outputs corresponding to different degrees of free-
dom.



US 2019/0269343 A1l

[0121] A neuromuscular-to-motion decoder may be, for
example, a mathematical function or module defining a
cause-effect relationship between both types of signals, i.e.
an evolution over time of motion signals (effect) depending
on neuromuscular signals (cause).

[0122] A diversity of mapping methods may be used to
generate the neuromuscular-to-motion decoder, such as e.g.
machine learning methods, statistical methods, datamining
methods, etc. or a combination of at least some of them. In
particular, linear regression, non-linear regression, Lasso
regression, ridge regression, Kalman filter, support vector
machine, neural network, fuzzy logic, etc. may be employed
for that purpose.

[0123] For instance, a mathematical module may result
from e.g. training a machine learning model based on the
received neuromuscular signals and motion signals. A math-
ematical module may therefore result from said training that
is configured to output motion values corresponding to input
neuromuscular values.

[0124] In other examples, the received neuromuscular and
motion signals (for different degrees of freedom or permitted
motion directions under consideration) may be correlated
(mapped), so that a shape or profile of a “cloud” of points
corresponding to the neuromuscular and motion signals over
time is modelled. A function may result from said correlation
that is configured to output motion values corresponding to
input neuromuscular values according to said modelling of
the cloud of neuronscular-motion points.

[0125] FIG. 4 is a flow chart schematically illustrating a
rehabilitation method for rehabilitating a paretic arm (or leg)
of a patient. This rehabilitation method may use the neuro-
muscular-to-motion decoder(s) generated by a generator
method such as the one described with reference to FIG. 3.
[0126] This rehabilitation method may take into account
(neuromuscular and motion) signals from the paretic arm of
the patient during an attempt by the patient of performing the
predefined exercise with the paretic arm.

[0127] This rehabilitation method may be performed by
using a rehabilitation system similar to the ones described
before with reference to previous figures. A computer pro-
gram implementing the rehabilitation method may be stored
and performed by the computer system 109. References to
previous figures may also be included along the following
description of FIG. 4.

[0128] At block 400, the rehabilitation method may be
started when desired by an operator of the rehabilitation
system. The rehabilitation method may hence be triggered
upon reception of a corresponding request inputted by the
operator, for example.

[0129] At block 401, neuromuscular signals may be
received (by the computer system 109) from neuromuscular
sensors 101-104 attached to the paretic arm, during perfor-
mance of the predefined exercise.

[0130] The attachment of the neuromuscular sensors 101-
104 may be such that the neuromuscular sensors are asso-
ciated to predefined muscle and/or nerve locations of the
paretic arm (or leg) corresponding to predefined muscle
and/or nerve locations of the healthy arm (or leg) taken into
account in the generation of the neuromuscular-to-motion
decoder to be used.

[0131] The rehabilitation system may provide audio and/
or visual instructions to the patient of how to perform the
predefined exercise.
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[0132] At block 402, the neuromuscular signals may be
inputted to the neuromuscular-to-motion decoder generated
by corresponding generator method, for causing the neuro-
muscular-to-motion decoder to output first motion com-
mands in different degrees of freedom (in exoskeleton-based
examples) or permitted motion directions (in examples
based on stimulation e.g. FES) under consideration.

[0133] The first motion commands may be seen as induc-
tors of a motion due to the neuromuscular activity of the
paretic arm, according to a cause-effect relationship between
neuromuscular activity (cause) and motion (effect) of cor-
responding healthy arm, previously determined in the gen-
erator method.

[0134] At initial rehabilitation stages, said first motion
commands may probably define a certainly erratic motion of
the arm, so that a reduced weight may be initially attributed
to the first motion commands.

[0135] At block 403, motion signals may be received from
motion sensors (of the rehabilitation system) associated to
predefined positions of the paretic arm (or leg) correspond-
ing to predefined positions of the healthy arm (or leg) taken
into account in the generation of the neuromuscular-to-
motion decoder.

[0136] These motion signals may represent the motion that
the paretic arm is actually following in the different degrees
of freedom (or permitted motion directions) under consid-
eration. The motion actually followed by the paretic arm
may not match the trajectory to be followed as defined by the
predefined exercise data.

[0137] At block 404, trajectory data defining a trajectory
to be followed by the paretic arm may be determined
depending on a deviation between the motion signals and the
predefined exercise data, in the different degrees of freedom
(or permitted motion directions) under consideration.
[0138] The determined trajectory data may be seen as
defining a corrected trajectory of the motion actually fol-
lowed by the paretic arm (according to the received motion
signals) for redirecting the motion of the arm towards a valid
trajectory (according to the predefined exercise data).
[0139] In final rehabilitation phases, the trajectory defined
by the received motion signals and the trajectory defined by
the predefined exercise data may substantially coincide, in
which case no redirection of the motion of the arm may be
considered.

[0140] At block 405, second motion commands may be
determined depending on the determined trajectory data to
be followed by the paretic limb, in the different degrees of
freedom (or permitted motion directions) under consider-
ation.

[0141] The second motion commands may be seen as
inductors of a corrective motion for redirecting (if needed)
the paretic arm towards a valid trajectory according to the
predefined exercise data.

[0142] In some examples, a Linear-quadratic regulator
(LQR) method may be used for determining the trajectory
data at block 404, and for determining the second motion
commands at block 405.

[0143] At block 406, final motion commands may be
determined depending on the first motion commands (from
block 402) and the second motion commands (from block
405), in the different degrees of freedom (or permitted
motion directions) under consideration.

[0144] The final motion commands may thus be seen as a
combination of inductors of motion due to the neuromus-
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cular activity of the paretic arm (first motion commands) and
inductors of motion to redirect (if required) the paretic arm
towards a valid trajectory (second motion commands).
[0145] At block 407, the final motion commands may be
sent to the body actuator (robotic exoskeleton and/or stimu-
lation system e.g. FES) so as to suitably stimulate (or
induce) the patient to perform the predefined exercise with
the paretic arm (or leg).

[0146] The execution of the final motion commands by the
body actuator may provoke a visual and proprioceptive
feedback about the correctness of muscle/nerve activations
of the patient. The body actuator induces a “hybrid” motion
on the paretic arm combining an incorrect motion compo-
nent due to incorrect neuromuscular activity, and a correc-
tive motion component aimed at redirecting the arm towards
a valid trajectory (for completing the predefined exercise
successfully). At final rehabilitation stages, the neuromus-
cular activity in the paretic arm may be correct or minimally
incorrect, in which case the corrective component may be
substantially negligible.

[0147] Blocks 401-407 may be continuously performed
until the predefined exercise with the paretic arm has been
completed. In this case, the rehabilitation method proceeds
to final block 408.

[0148] The determination of the final motion commands
depending on the first motion commands and the second
motion commands, in the different degrees of freedom (or
permitted motion directions) under consideration, may be
performed in a diversity of manners.

[0149] FIG. 5 is a flow chart that schematically illustrates
an example of determining the final motion commands
depending on the first and second motion commands, in the
context of a rehabilitation method similar to the one
described with reference to FIG. 4.

[0150] At block 500, the first motion commands and the
second motion commands may be compared for obtaining a
first indicator of similarity, in each or some of the degrees of
freedom (or permitted motion directions) under consider-
ation. This comparison may be performed, in some
examples, using a normalized root-mean-square error
(NRMSE) method and/or a correlation coefficient method.
[0151] In alternative examples, the indicator of similarity
may be determined (with similar results) by comparing the
neuromuscular signals (from paretic limb) and the neuro-
muscular signals (from healthy limb) taken into account to
generate the neuromuscular-to-motion decoder. In this case,
for example, the computing system 109 may store the
neuromuscular signals from healthy limb, along with the
neuromuscular-to-motion decoder.

[0152] At block 501, a first weight may be determined for
the first motion commands and a second weight may be
determined for the second motion commands depending on
the first indicator of similarity (obtained at previous block
500).

[0153] The determination of the first weight and the sec-
ond weight may be such that the higher is the first indicator
of similarity, the higher is the first weight and the lower is
the second weight. In particular examples, the second weight
may be determined as a function of the first weight.
[0154] At block 502, the final motion commands may be
determined based on the first motion commands weighted
with the first weight and the second motion commands
weighted with the second weight.
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[0155] For example, the final motion commands may be
determined according to the following fornula:
Vianar™V newrs WitV assise ™ Wa=V oo WAV assis (1=
wy) Formula 1

wherein Vg, is a final motion (e.g. velocity) command,
Voo 1s @ first motion command (due to neuromuscular
activity), w, is a first weight, V. is a second motion
command (for redirecting to valid trajectory) and w, is a
second weight.
[0156] The first weight w, may be a value between 0 and
1, and the second weight w, may be equal to 1-w, (as
indicated in second part of Formula 1). This way, w,=0
implies that w,=1 and Vg =V .. which means that a
completely assistive motion is induced by the body actuator
on the arm (neuromuscular activity is ignored). Accordingly,
w,=1 implies that w,=0 and V,,~V.,.,,,, which means that
a motion fully depending on neuromuscular activity is
induced by the body actuator on the arm (assistive compo-
nent is ignored).
[0157] The more similar are the first motion commands
V,euro (euromuscular activity) to the second motion com-
mands V_, , (assistive control) the better may be considered
the neuromuscular activity generated by the patient on the
paretic arm. So, in this case, the final motion commands
Ve may be calculated with higher influence of V, .,
(higher w,) and lower influence of V ;. (lower w,).
[0158] The algorithm according to FIG. 5 and, in particu-
lar, to Formula 1 may be applied for each or some of the
different degrees of freedom (or permitted motion direc-
tions) under consideration.
[0159] FIG. 6 is a flow chart that schematically illustrates
a further example of determining the final motion commands
depending on the first and second motion commands.
[0160] At block 600, input from a user, such as e.g. an
operator of the rehabilitation system, may be received
including an indicator of evolution of the rehabilitation of
the patient. This indicator may be predetermined from
previous executions of the rehabilitation method, for
example.
[0161] At block 601, a third weight may be determined for
the first motion commands and a fourth weight may be
determined for the second motion commands, depending on
the indicator of evolution of the rehabilitation (received at
block 600).
[0162] The determination of the third weight and the
fourth weight may be such that the higher is the indicator of
evolution of the rehabilitation, the higher is the third weight
and the lower is the fourth weight. In particular examples,
the third weight may be determined as a function of the
fourth weight.
[0163] At block 602, the final motion commands may be
determined based on the first motion commands weighted
with the third weight and the second motion commands
weighted with the fourth weight.
[0164] For example, the final motion commands may be
determined according to the following formula:
Vnat™V newro ™ WatVassise ™ Wa™Vieuro WitV i (1=

W3) Formula 2
wherein V,, , is a final motion (e.g. velocity) command,
V,euro 18 @ first motion command (due to neuromuscular
activity), w; is a third weight, V., is a second motion
command (for redirecting to valid trajectory) and w, is a
fourth weight.
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[0165] The higher is the indicator of evolution of the
rehabilitation the better may be considered the evolution
and, hence, the neuromuscular activity generated by the
patient on the paretic arm. So, in this case, the final motion
commands V,,,, may be calculated with higher influence of
V. .0 (higher w.) and lower influence of V,_, , (lower w,).
Weights w, and w, may be accordingly varied for that aim
in a similar manner as described for weights w, and w, with
respect to FIG. 5 and Formula 1.

[0166] The algorithm according to FIG. 6 and, in particu-
lar, to Formula 2 may be applied for each or some of the
different degrees of freedom (or permitted motion direc-
tions) under consideration.

[0167] FIG. 7 is a flow chart that schematically illustrates
a still further example of determining the final motion
commands depending on the first and second motion com-
mands.

[0168] At block 700, the first motion commands and the
second motion commands may be compared for obtaining a
second indicator of similarity between the first motion
commands and the second motion commands, in each or
some of the degrees of freedom (or permitted motion
directions) under consideration.

[0169] At block 701, the first motion commands may be
transformed based on the second indicator of similarity
(between the first motion commands and the second motion
commands). The first motion commands may be trans-
formed based on a projection of vectors representing first
motion commands on vectors representing second motion
commands, for example. The first and second motion com-
mands may be e.g. velocity vectors.

[0170] At block 702, the final motion commands may be
determined based on the transformed first motion commands
and the second motion commands.

[0171] For example, the final motion commands may be
determined according to the following formula:

Vana=transformed(V, ... )+,

essist Formula 3

uro)

wherein V., is a final motion (e.g. velocity) command,
V, .o 15 @ first motion command (due to neuromuscular
activity), V ., is a second motion command (for redirect-
ing to valid trajectory) and transformed(V,,,,,,.) is the trans-
formed first motion command.

[0172] The algorithm according to FIG. 7 and, in particu-
lar, to Formula 3 may be applied for each or some of the
different degrees of freedom (or permitted motion direc-
tions) under consideration.

[0173] In any of the described examples based on weights,
said weights may be updated in real-time (within same
rehabilitation session or same execution of rehabilitation
method). Alternatively, said weights may be kept fixed
during one or more rehabilitation sessions or executions of
rehabilitation method.

[0174] In any of the described examples relating to gen-
erator and rehabilitation methods, the received neuromus-
cular signals may be (optionally) rectified, and (optionally)
filtered, and (optionally) processed by an algorithm of
features extraction, and (optionally) normalized, and (op-
tionally) processed by an algorithm of dimensionality reduc-
tion. Examples of algorithms of dimensionality reduction
are Principal Component Analysis (PCA), Independent
Component Analysis (ICA), Non-negative matrix factoriza-
tion (NMF), etc. Examples of features that can be extracted
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from neuromuscular signals are time-domain features, fre-
quency-domain features, muscle synergies, etc.

[0175] With respect to the normalization of the neuromus-
cular signals, it is aimed at adjusting the neuromuscular
signals irrespective of any difference in amplitude between
neuromuscular signals from healthy limb and neuromuscu-
lar signals from paretic limb. The normalization may be
performed using e.g. a Z-score method or any other method
aimed at the mentioned purpose.

[0176] According to the Z-score method, the normaliza-
tion may be carried out by applying the following formula:

Normalized_Neuro=(Neuro-mean)/std Formula 4

wherein Neuro is a neuromuscular signal to be normalized,
Normalized_Neuro is the neuromuscular signal once nor-
malized, mean is a mean of neuromuscular signals from
same muscle/nerve location as Neuro, and std is a standard
deviation of neuromuscular signals from same muscle/nerve
location as Neuro.

[0177] Givena neuromuscular signal to be normalized, the
mean and the standard deviation applicable to said signal
may be calculated from neuromuscular signals previously
received within the execution of the generator method or
rehabilitation method.

[0178] In the case of generator method, the whole neuro-
muscular signals may be received (from healthy limb) and
recorded in a first step and, subsequently, their normalization
may be performed in a second step once the first step has
been completed. This way, the mean and standard deviation
to be used in the normalization may be calculated taking into
account the whole neuromuscular signals (from healthy
limb).

[0179] In the case of rehabilitation method, a predefined
time interval of neuromuscular signals already received
(from paretic limb) may be considered to calculate the mean
and standard deviation. For example, the predefined time
interval may comprise the last 60 seconds of already
received neuromuscular signals.

[0180] Although only a number of examples have been
disclosed herein, other alternatives, modifications, uses and/
or equivalents thereof are possible. Furthermore, all possible
combinations of the described examples are also covered.
[0181] The following clauses disclose in an unlimited way
additional embodiments.

[0182] Clause 1. A generator system for generating a
neuromuscular-to-motion decoder from a healthy limb of a
person, the generator system comprising neuromuscular
sensors, motion sensors, and a controller system that is
configured to

[0183] rececive neuromuscular signals obtained by the neu-
romuscular sensors associated to predefined muscle and/or
nerve locations of at least one pair of agonist and antagonist
muscles/nerves of the healthy limb, said neuromuscular
signals being obtained during performance by the person of
a predefined exercise with the healthy limb, said predefined
exercise being defined by predefined exercise data;

[0184] receive motion signals obtained by the motion
sensors associated to predefined positions of the healthy
limb, said motion signals being obtained during perfor-
mance by the person of the predefined exercise with the
healthy limb; and

[0185] generate the neuromuscular-to-motion decoder by
mapping the neuromuscular signals to the motion signals
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over time using a mapping method whereby the neuromus-
cular-to-motion decoder is to be used for rehabilitating a
paretic limb.

[0186] Clause 2. A generator system according to clause 1,
wherein the neuromuscular sensors comprise one or more
electromyography (EMG) sensors, and/or one or more elec-
troneurography (ENG) sensors, and/or one or more ultra-
sound sensors, and/or one or more optical sensors.

[0187] Clause 3. A generator system according to any of
clauses 1 or 2, wherein the neuromuscular sensors comprise
one or more invasive sensors, and/or one or more non-
invasive sensors.

[0188] Clause 4. A generator system according to any of
clauses 1 to 3, wherein the motion sensors are configured to
generate the motion signals as velocity signals, and/or
position signals, and/or torque signals, and/or force signals,
and/or acceleration signals.

[0189] Clause 5. A generator system according to any of
clauses 1 to 4, wherein the mapping method comprises a
machine learning method, or a statistical method, or a data
mining method, or a combination of at least some of them.
[0190] Clause 6. A generator system according to clause 3,
wherein the mapping method comprises a support vector
machine method, or a neural network method, or a fuzzy
logic method, or a linear regression method, or a non-linear
regression method, or a Lasso regression method, or a ridge
regression method, or a Kalman filter method, or a combi-
nation of at least some of them.

[0191] Clause 7. A generator system according to any of
clauses 1 to 6, wherein the controller system is configured to
[0192] determine reproducible data of the predefined exer-
cise based on the predefined exercise data; and

[0193] send said reproducible data to a reproducing device
so as to provide the person with audio and/or visual indi-
cations about the predefined exercise to be performed.
[0194] Clause 8. A generator system according to any of
clauses 1 to 7, comprising a body actuator.

[0195] Clause 9. A generator system according to clause §,
wherein the body actuator is a robotic exoskeleton config-
ured to be mounted on the healthy limb.

[0196] Clause 10. A generator system according to clause
9, wherein the motion sensors are comprised in the robotic
exoskeleton.

[0197] Clause 11. A generator system according to any of
clauses 9 or 10, wherein the robotic exoskeleton is config-
ured to guide the person in performing the predefined
exercise with the healthy limb based on the predefined
exercise data.

[0198] Clause 12. A rehabilitation system for rehabilitat-
ing a paretic limb of a patient by using a neuromuscular-
to-motion decoder generated by a generator system accord-
ing to any of clauses 1 to 11, the rehabilitation system
comprising neuromuscular sensors, motion sensors, and a
controller system that is configured to

[0199] receive neuromuscular signals obtained by the neu-
romuscular sensors associated to predefined muscle and/or
nerve locations of the paretic limb corresponding to pre-
defined muscle and/or nerve locations of a healthy limb
taken into account in the generation of the neuromuscular-
to-motion decoder, the neuromuscular signals being
obtained during an attempt by the patient to perform with the
paretic limb a predefined exercise defined by predefined
exercise data taken into account in the generation of the
neuromuscular-to-motion decoder;
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[0200] input the neuromuscular signals to the neuromus-
cular-to-motion decoder for causing the neuromuscular-to-
motion decoder to output first motion commands;

[0201] receive motion signals obtained by the motion
sensors associated to predefined positions of the paretic limb
corresponding to predefined positions of the healthy limb
taken into account in the generation of the neuromuscular-
to-motion decodet, the motion signals being obtained during
the attempt by the patient to perform the predefined exercise
with the paretic limb;

[0202] determine trajectory data defining a trajectory to be
followed by the paretic limb depending on a deviation
between the motion signals and the predefined exercise data;
[0203] determine second motion commands depending on
the determined trajectory data to be followed by the paretic
limb;

[0204] determine final motion commands depending on
the first motion commands and the second motion com-
mands; and

[0205] send the final motion commands to a body actuator
associated to the paretic limb for controlling the body
actuator so as to stimulate the patient to perform the pre-
defined exercise with the paretic limb.

[0206] Clause 13. A rehabilitation system according to
clause 12, wherein the controller system is configured to
determine the final motion commands depending on the first
motion commands and the second motion commands by
[0207] weighting the first motion commands and the sec-
ond motion commands based on a predefined weighting
criterion; and

[0208] determining the final motion commands based on
the weighted first and second motion commands.

[0209] Clause 14. A rehabilitation system according to
clause 13, wherein the controller system is configured to
weight the first motion commands and the second motion
commands based on the predefined weighting criterion by
[0210] comparing the first motion commands to the sec-
ond motion commands for obtaining a first indicator of
similarity between the first motion commands and the sec-
ond motion commands; and

[0211] determining a first weight for the first motion
commands and a second weight for the second motion
commands depending on the first indicator of similarity, in
such a way that the higher is the first indicator of similarity,
the higher is the first weight and the lower is the second
weight; and wherein

[0212] the controller system is configured to determine the
final motion commands based on the first motion commands
weighted with the first weight and the second motion
commands weighted with the second weight.

[0213] Clause 15. A rehabilitation system according to
clause 14, wherein the controller system is configured to
compare the first motion commands to the second motion
commands by performing a normalized root-mean-square
error (NRMSE) method and/or a correlation coefficient
method.

[0214] Clause 16. A rehabilitation system according to any
of clauses 14 or 15, wherein the controller system is con-
figured to determine the second weight as a function of the
first weight.

[0215] Clause 17. A rehabilitation system according to
clause 13, wherein the controller system is configured to
weight the first motion commands and the second motion
commands based on the predefined weighting criterion by
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[0216] receiving input from a user including an indicator
of evolution of the rehabilitation; and

[0217] weighting the first motion commands and the sec-
ond motion commands based on the indicator of evolution of
the rehabilitation.

[0218] Clause 18. A rehabilitation system according to
clause 17, wherein the controller system is configured to
weight the first motion commands and the second motion
commands based on the indicator of evolution of the reha-
bilitation by

[0219] determining a third weight for the first motion
commands and a fourth weight for the second motion
commands depending on the indicator of evolution of the
rehabilitation, in such a way that the higher is the indicator
of evolution of the rehabilitation, the higher is the third
weight and the lower is the fourth weight; and wherein
[0220] the controller system is configured to determine the
final motion commands based on the first motion commands
weighted with the third weight and the second motion
commands weighted with the fourth weight.

[0221] Clause 19. A rehabilitation system according to
clause 18, wherein the controller system is configured to
determine the third weight as a function of the fourth weight.
[0222] Clause 20. A rehabilitation system according to
clause 12, wherein the controller system is configured to
determine the final motion commands depending on the first
motion commands and the second motion commands by
aggregating the first motion commands and the second
motion commands.

[0223] Clause 21. A rehabilitation system according to
clause 12, wherein the controller system is configured to
determine the final motion commands depending on the first
motion commands and the second motion commands by
[0224] comparing the first motion commands to the sec-
ond motion commands for obtaining a second indicator of
similarity between the first motion commands and the sec-
ond motion commands;

[0225] transforming the first motion commands based on
the second indicator of similarity between the first motion
commands and the second motion commands; and

[0226] determining the final motion commands based on
the transformed first motion commands and the second
motion commands.

[0227] Clause 22. A rehabilitation system according to
clause 21, wherein the controller system is configured to
transform the first motion commands based on a projection
of the first motion commands on the second motion com-
mands.

[0228] Clause 23. A rehabilitation system according to
clause 13, wherein the controller system is configured to
weight the first motion commands and the second motion
commands based on the predefined weighting criterion by
[0229] comparing the received neuromuscular signals to
neuromuscular signals taken into account to generate the
neuromuscular-to-motion decoder, for obtaining a third indi-
cator of similarity between the received neuromuscular
signals and the neuromuscular signals taken into account to
generate the neuromuscular-to-motion decoder; and

[0230] determining a fifth weight for the first motion
commands and a sixth weight for the second motion com-
mands depending on the third indicator of similarity, in such
a way that the higher is the third indicator of similarity, the
higher is the sixth weight and the lower is the fifth weight;
and wherein
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[0231] the controller system is configured to determine the
final motion commands based on the first motion commands
weighted with the fifth weight and the second motion
commands weighted with the sixth weight.

[0232] Clause 24. A rehabilitation system according to any
of clauses 12 to 23, wherein the controller system is con-
figured to

[0233] determine reproducible data of the predefined exer-
cise based on the predefined exercise data; and

[0234] send said reproducible data to a reproducing device
so as to provide the patient with audio and/or visual indi-
cations about the predefined exercise to be attempted.
[0235] Clause 25. A rehabilitation system according to any
of clauses 12 to 24, wherein the controller system is con-
figured to determine the trajectory data defining the trajec-
tory to be followed by the paretic limb based on a Linear-
quadratic regulator (LQR) method.

[0236] Clause 26. A rehabilitation system according to any
of clauses 12 to 25, wherein the neuromuscular sensors
comprise one or more electromyography (EMG) sensors,
and/or one or more electroneurography (ENG) sensors,
and/or one or more ultrasound sensors, and/or one or more
optical sensors.

[0237] Clause 27. A rehabilitation system according to any
of clauses 12 to 26, wherein the neuromuscular sensors
comprise one or more invasive sensors, and/or one or more
non-invasive sensors.

[0238] Clause 28. A rehabilitation system according to any
of clauses 12 to 27, wherein the motion sensors are config-
ured to generate the motion signals as velocity signals,
and/or position signals, and/or torque signals, and/or force
signals, and/or acceleration signals.

[0239] Clause 29. A rehabilitation system according to any
of clauses 12 to 28, comprising the body actuator.

[0240] Clause 30. A rehabilitation system according to
clause 29, wherein the body actuator comprises a robotic
exoskeleton configured to be mounted on the paretic limb.
[0241] Clause 31. A rehabilitation system according to
clause 30, wherein the motion sensors are comprised in the
robotic exoskeleton.

[0242] Clause 32. A rehabilitation system according to any
of clauses 29 to 31, wherein the body actuator comprises a
Functional electrical stimulation (FES) system, and/or an
ultrasound-based neuromuscular stimulation system and/or
an optical-based neuromuscular stimulation system.

[0243] Clause 33. A rehabilitation system according to any
of clauses 12 to 32, comprising the generator system.
[0244] Clause 34. A rehabilitation system according to
clause 33, wherein the neuromuscular sensors of the reha-
bilitation system and the neuromuscular sensors of the
generator system are the same neuromuscular sensors.
[0245] Clause 35. A rehabilitation system according to any
of clauses 33 or 34, wherein the motion sensors of the
rehabilitation system and the motion sensors of the generator
system are the same motion sensors.

[0246] Clause 36. A generator method for generating a
neuromuscular-to-motion decoder from a healthy limb of a
person, the generator method comprising

[0247] receiving neuromuscular signals obtained by neu-
romuscular sensors associated to predefined muscle and/or
nerve locations of at least one pair of agonist and antagonist
muscles/nerves of the healthy limb, said neuromuscular
signals being obtained during performance by the person of



US 2019/0269343 A1l

a predefined exercise with the healthy limb, and said pre-
defined exercise being defined by predefined exercise data;
[0248] receiving motion signals obtained by motion sen-
sors associated to predefined positions of the healthy limb,
said motion signals being obtained during performance by
the person of the predefined exercise with the healthy limb;
and

[0249] generating the neuromuscular-to-motion decoder
by mapping the neuromuscular signals to the motion signals
over time using a mapping method whereby the neuromus-
cular-to-motion decoder is to be used for rehabilitating a
paretic limb.

[0250] Clause 37. A rehabilitation method for rehabilitat-
ing a paretic limb of a patient by using a neuromuscular-
to-motion decoder generated by a generator method accord-
ing to clause 36, the rehabilitation method comprising
[0251] receiving neuromuscular signals obtained by neu-
romuscular sensors associated to predefined muscle and/or
nerve locations of the paretic limb corresponding to pre-
defined muscle and/or nerve locations of a healthy limb
taken into account in the generation of the neuromuscular-
to-motion decoder, the neuromuscular signals being
obtained during an attempt by the patient to perform with the
paretic limb a predefined exercise defined by predefined
exercise data taken into account in the generation of the
neuromuscular-to-motion decoder;

[0252] inputting the neuromuscular signals to the neuro-
muscular-to-motion decoder for causing the neuromuscular-
to-motion decoder to output first motion commands;
[0253] receiving motion signals obtained by motion sen-
sors associated to predefined positions of the paretic limb
corresponding to predefined positions of the healthy limb
taken into account in the generation of the neuromuscular-
to-motion decoder, the motion signals being obtained during
the attempt by the patient to perform the predefined exercise
with the paretic limb;

[0254] determining trajectory data defining a trajectory to
be followed by the paretic limb depending on a deviation
between the motion signals and the predefined exercise data;
[0255] determining second motion commands depending
on the determined trajectory data to be followed by the
paretic limb;

[0256] determining final motion commands depending on
the first motion commands and the second motion com-
mands; and

[0257] sending the final motion commands to a body
actuator associated to the paretic limb for controlling the
body actuator so as to stimulate the patient to perform the
predefined exercise with the paretic limb.

[0258] Clause 38. A rehabilitation method according to
clause 37, comprising the generator method.

[0259] Clause 39. A computing system comptising a
memory and a processor, embodying instructions stored in
the memory and executable by the processor, the instruc-
tions comprising functionality to execute a generator method
according to clause 36 for generating a neuromuscular-to-
motion decoder from a healthy limb of a person.

[0260] Clause 40. A computer program product compris-
ing program instructions for causing a computing system to
perform a generator method according to clause 36 for
generating a neuromuscular-to-motion decoder from a
healthy limb of a person.

[0261] Clause 41. A computer program product according
to clause 40, embodied on a storage medium.
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[0262] Clause 42. A computer program product according
to clause 40, carried on a carrier signal.
[0263] Clause 43. A computing system comprising a
memory and a processor, embodying instructions stored in
the memory and executable by the processor, the instruc-
tions comprising functionality to execute a rehabilitation
method according to any of clauses 37 or 38 for rehabili-
tating a paretic limb of a patient.
[0264] Clause 44. Computer program product comprising
program instructions for causing a computing system to
perform a rehabilitation method according to any of clauses
37 or 38 for rehabilitating a paretic limb of a patient.
What is claimed is:
1. A method comprising:
respectively placing at least first and second neuromus-
cular sensors at first predefined locations on or in
agonist and antagonist muscles of a healthy limb of a
person, the first and second neuromuscular sensors
configured to produce neuromuscular signals upon the
person performing a predefined exercise with the
healthy limb;
placing a first plurality of motion sensors at second
predefined locations on the healthy limb, the first
plurality of motion sensors configured to produce
motion signals upon the person performing the pre-
defined exercise with the healthy limb; and

generating a neuromuscular-to-motion decoder by map-
ping the neuromuscular signals to the motion signals
over time using a mapping method during the person
performing the predefined exercise with the healthy
limb.

2. The method according to claim 1, wherein the mapping
of the neuromuscular signals to the motion signals is pet-
formed using a method selected from the group consisting
of: a machine learning method, a statistical method, a data
mining method and any combination of the machine learn-
ing method, statistical method and data mining method.

3. The method according to claim 1, further comprising
fitting a robotic exoskeleton that includes the first plurality
of motion sensors onto the healthy limb, the robotic exo-
skeleton being configured to guide or assist the healthy limb
to perform the predefined exercise.

4. A method comprising:

obtaining a neuromuscular-to-motion decoder produced

by mapping first neuromuscular signals to first motion
signals during a person performing a predefined exet-
cise with a healthy limb, the first neuromuscular signals
having been generated by at least first and second
neuromuscular sensors situated at first predefined loca-
tions on or in agonist and antagonist muscles of the
healthy limb of the person during the person perform-
ing the predefined exercise; the first motion signals
having been generated by a first plurality of motion
sensors situated at second predefined locations on the
healthy limb during the person performing the pre-
defined exercise;

respectively placing at least third and fourth neuromus-

cular sensors at third predefined locations on or in the
agonist and antagonist muscles of a paretic limb of a
patient, the agonist and antagonist muscles of the
paretic limb corresponding to the agonist and antago-
nist muscles of the healthy limb, the third predefined
locations corresponding to the first predefined loca-
tions, the third and fourth neuromuscular sensors con-
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figured to produce second neuromuscular signals upon
the patient attempting to perform the predefined exet-
cise with the paretic limb; and

inputting the second neuromuscular signals to the neuro-

muscular-to-motion decoder for causing the neuromus-
cular-to-motion decoder to output first motion com-
mands.

5. The method according to claim 4, wherein the pre-
defined exercise is defined by predefined exercise data, the
method further comprising:

placing a second plurality of motion sensors at fourth

predefined locations on the paretic limb, the fourth
predefined locations on the paretic limb corresponding
to the second predefined locations of the healthy limb,
the second plurality of motion sensors configured to
produce second motion signals upon the patient
attempting to perform the predefined exercise with the
paretic limb;

producing trajectory data defining a trajectory to be

followed by the paretic limb depending on a deviation
between the second motion signals and the predefined
exercise data;
producing second motion commands depending on the
trajectory data to be followed by the paretic limb;

producing final motion commands depending on the first
motion commands and the second motion commands;
and

sending the final motion commands to a body actuator

associated to the paretic limb for controlling the body
actuator so as to stimulate the paretic limb to perform
the predefined exercise.

6. The method according to claim 4, wherein the at least
third and fourth neuromuscular sensors are the same as the
at least first and second neuromuscular sensors.

7. The method according to claim 5, wherein the second
plurality of motion sensors is the same as the first plurality
of motion sensors.

8. The method according to claim 5, wherein the final
motion commands are produced depending on the first
motion commands and the second motion commands by
weighting the first motion commands and the second motion
commands based on a predefined weighting criterion.

9. The method according to claim 8, wherein the first
motion commands and the second motion commands are
weighted based on the predefined weighting criterion by:

comparing the first motion commands to the second

motion commands to obtain a first indicator of simi-
larity between the first motion commands and the
second motion commands; and

determining a first weight for the first motion commands

and a second weight for the second motion commands
depending on the first indicator of similarity, in such a
way that the higher is the first indicator of similarity,
the higher is the first weight and the lower is the second
weight;

the final motion commands being produced based on the

first motion commands weighted with the first weight
and the second motion commands weighted with the
second weight.

10. The method according to claim 9, wherein the first
motion commands and second motion commands are com-
pared by performing a normalized root-mean-square error
method and/or a correlation coefficient method.
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11. The method according to claim 8, wherein the first
motion commands and the second motion commands are
weighted based on the predefined weighting criterion by:

receiving input from a user that includes an indicator of

evolution of the rehabilitation; and

weighting the first motion commands and the second

motion commands based on the indicator of evolution
of the rehabilitation.

12. The method according to claim 11, wherein the first
motion commands and the second motion commands are
weighted based on the indicator of evolution of the reha-
bilitation by determining a third weight for the first motion
commands and a fourth weight for the second motion
commands depending on the indicator of evolution of the
rehabilitation, in such a way that the higher is the indicator
of evolution of the rehabilitation, the higher is the third
weight and the lower 1s the fourth weight;

the final motion commands being produced based on the

first motion commands weighted with the third weight
and the second motion commands weighted with the
fourth weight.

13. The method according to claim 5, wherein the final
motion commands are produced depending on the first
motion commands and the second motion commands either
by:

aggregating the first motion commands and the second

motion commands, or by

comparing the first motion commands to the second

motion commands to obtain a second indicator of
similarity between the first motion commands and the
second motion commands;
transforming the first motion commands based on the
second indicator of similarity between the first motion
commands and the second motion commands; and

determining the final motion commands based on the
transformed first motion commands and the second
motion commands.

14. The method according to claim 13, wherein the first
motion commands are transformed based on a projection of
the first motion commands on the second motion commands.

15. The method according to claim 8, wherein the first
motion commands and the second motion commands are
weighted based on the predefined weighting criterion by:

comparing the second neuromuscular signals to the first

neuromuscular signals for obtaining a third indicator of
similarity between the second neuromuscular signals
and the first neuromuscular signals; and

determining a fifth weight for the first motion commands

and a sixth weight for the second motion commands
depending on the third indicator of similarity, in such a
way that the higher is the third indicator of similarity,
the higher is the sixth weight and the lower is the fifth
weight;

the final motion commands being produced based on the

first motion commands weighted with the fifth weight
and the second motion commands weighted with the
sixth weight.

16. The method according to claim 5, wherein the trajec-
tory data is produced based on a Linear-quadratic regulator
method.

17. The method according to claim 5, comprising fitting
a robotic exoskeleton that includes the second plurality of
motion sensors to the paretic limb.
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18. The method according to claim 5, comprising fitting
a robotic exoskeleton that includes a Functional electrical
stimulation system and/or an ultrasound-based neuromus-
cular stimulation system and/or an optical-based neuromus-
cular stimulation system.
19. The method according to claim 4, wherein the person
and the patient are the same.
20. A system comptising:
at least first and second neuromuscular sensors that are
respectively configured for placement on or in agonist
and antagonist muscles of a healthy limb of a person,
the first and second neuromuscular sensors configured
to produce neuromuscular signals upon the person
performing a predefined exercise with the healthy limb;
a plurality of motion sensors that are configured for
placement on the healthy limb, the plurality of motion
sensors configured to produce motion signals upon the
person performing the predefined exercise with the
healthy limb; and
a control system comprising one or more memories and
one or more hardware processors, wherein the one or
more memories comprise instructions, that when
executed by the one or more hardware processors, are
operable to generate a neuromuscular-to-motion
decoder by mapping the neuromuscular signals to the
motion signals over time using a mapping method
during the person performing the predefined exercise
with the healthy limb.
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