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Title: CONTROL OF AN ACTIVE ORTHOTIC DEVICE

FIG. 1

(57) Abstract: An active orthotic device, e.g. a hand orthosis, is attached to one or more limbs of a human subject and comprises a
respective set of actuators (21) for moving a respective limb (1A) among the one or more limbs. A method for controlling the orthotic
device comprises obtaining one or more bioelectric signals, [S(t)], from one or more bioelectric sensors (10) attached to or implanted

in the human subject; processing the one or more bioelectric signals, [5(t)j, for prediction of an intended application force, FA(t), of the
respective limb (1A) onto an object; obtaining a force signal, PA(t), from a force sensing device (22) associated with the respective set
of actuators (21) and/or the respective limb (1A); and generating, as a function of a momentary difference, e(t), between the intended
application force, FA(t), and the force signal, PA(t ), a respective set of control signals, it(t), for the respective set of actuators (21).
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CONTROL OF AN ACTIVE ORTHOTIC DEVICE

Technical Field

The present invention relates to the field of orthotic devices, and in particular to a

technique for controlling an active orthotic device.

Background Art

An orthotic device is an externally applied device that is designed and fitted to the

body of an individual to modify structural and functional characteristics of the
neuromuscular and skeletal system. One class of orthotic devices are electromechanical
devices that are powered and controlled by a microprocessor or the like for the purpose
of augmenting or assisting motor activities of the individual. This type of orthotic
device is also known as an active orthosis or exoskeleton.

Active orthotic devices may be used for restoring or at least improving the motor
activity of an individual that has fully or partly lost the ability to move one or more
limbs or coordinate the movement of two or more limbs, e.g. as a result of an injury, a
neuromuscular disease or disorder, functional weakness, or a congenital disorder. For
example, there are so-called upper-limb (or upper extremity) orthotic devices, which are
applied externally to the arm and/or hand, or segments thereof, and lower-limb orthotic
devices for movement assistance in locomotion-related tasks.

An active orthotic device comprises a number of actuators which are operable to
impart a movement to one or more limbs. For example, the actuators may include
servomotors, e.g. as exemplified in US2015/0148728, a gas actuated piston, e.g. as
exemplified in US5800561, a combination of artificial tendons and electric motors, e.g.
as exemplified in US2010/0041521, or a shape memory material for selective heating,
e.g. as exemplified in US9387112 and WO2018/138537.

If the individual has sufficient neurological activity coupled to the limb(s), the
active orthotic device may be controlled based on bioelectric signals from one or more
bioelectric sensors that are arranged to detect the electrical activity of relevant muscles.
Such bioelectric sensors include so-called electromyography (EMG) sensors, which
may be implanted (intramuscular electromyography, iIEMG) or applied to the skin of the
individual (surface electromyography, sSEMG). An EMG sensor detects the electric
potential generated by muscle cells when these cells are electrically or neurologically
activated. Thus, a control device for an active orthotic device may be configured to infer
the intended movement of a limb based on the wearer's activation of relevant muscle

cells.
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WO02018/050191 proposes to infer the intention of a wearer of an active
exoskeleton based on force sensors (FSRs) rather than bioelectric sensors. The FSRs are
mounted around an upper limb to measure radially directed muscle pressure. Force
signals from the FSRs are processed by a machine learning algorithm to detect the
human intention with respect to both motion and force of an arm or leg. A controller for
the exoskeleton receives a reference torque from the machine learning algorithm and
generates a reference velocity as input to a feedback loop for velocity control. A control
signal for the exoskeleton is generated based on an error signal which is computed as a
difference between a reference velocity and a measured feedback value.

Current active orthotic devices suffer from an inability to properly mimic the
movement of a healthy individual. It is generally difficult to operate the actuators of the
orthotic device to impart a natural movement to the limbs. This is particularly
noticeable when the limbs should interact with an external object, e.g. when the orthotic
device is arranged on a hand to operate two or more fingers to grip an object. From the
wearer's perspective, such a hand orthosis should provide the wearer with the ability to

safely pinch, grab and release objects during daily living activities.

Summary
It is an objective of the invention to at least partly overcome one or more

limitations of the prior art.

A further objective is to provide a technique of controlling an active orthotic
device with improved correspondence to the intention of the wearer.

One or more of these objectives, as well as further objectives that may appear
from the description below, are at least partly achieved by a method of controlling an
orthotic device, a computer-readable medium, a control device for an active orthotic
device, and an active orthotic device according to the independent claims, embodiments
thereof being defined by the dependent claims.

A first aspect of the invention is a method of controlling an active orthotic device
attached to one or more limbs of a human subject. The active orthotic device comprises
a respective set of actuators for moving a respective limb among the one or more limbs.
The method comprises: obtaining one or more bioelectric signals from one or more
bioelectric sensors attached to or implanted in the human subject; processing the one or
more bioelectric signals for prediction of an intended application force of the respective
limb onto an object; obtaining a force signal from a force sensing device associated with
the respective set of actuators and/or the respective limb; and generating, as a function
of a momentary difference between the intended application force and the force signal, a

respective set of control signals for the respective set of actuators.
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The first aspect enables an active orthotic device to be controlled to actuate one or
more limbs based on bioelectric signals that are detected on or in the wearer. The first
aspect is based on the insight that an improved correspondence between the intention of
the wearer and the resulting movement of the limb(s) by the orthotic device in relation
to an object may be achieved by determining the intended application force of the
wearer and by controlling the orthotic device accordingly. Specifically, it has been
found that the ability of the orthotic device to effect a well-controlled interaction
between the limb(s) and the object is achieved by controlling the set of actuators for the
respective limb based on the momentary difference between an intended application
force and a force signal that represents measured (actual) application force for the
respective limb. The force signal is provided by a force sensing device, which may be
included in the orthotic device. According to the first aspect, the intended force is
determined based on the bioelectric signal(s), which allows the orthotic device to be
intuitively and automatically controlled in accordance with the intention of the wearer.

The force sensing device may be of any type and may measure the actual
application force directly or indirectly. The actual application force may be the total
force applied by a limb onto an object or the force provided to the limb by the orthotic
device. Thus, the actual application force at least represents the force provided to the
limb by the orthotic device, via the set of actuators, and may optionally also include the
muscular force applied by the wearer to the limb. In one example, the force sensing
device is a force or strain sensor which is arranged on the limb to measure contact force
between the limb and the object. In another example, the force sensing device is a force
or strain sensor arranged in the actuator to measure a force that corresponds to or
represents the application force. In yet another example, the force sensing device may
be a calculation module, which is implemented in software and/or hardware to compute
the application force based on a measured orientation/position of one or more moveable
elements in the actuator, e.g. a drive axis, a gear, a spring, etc.

The movement of the respective limb is effected by a set of actuators, which
operates in accordance with a set of control signals. As used herein, each limb that is
controlled by the orthotic device is considered to be associated with a respective set of
actuators for imparting a movement to the limb, even if it is conceivable that one
actuator is arranged to impart a movement to two limbs (or more limbs). In such an
embodiment, each such actuator is considered to be included in two sets of actuators,
one for each of the two limbs. Thus, different sets of actuators may overlap with respect
to the included actuator(s).

The respective set of actuators may be of any type and may include a servomotor,

a DC motor, a pneumatic actuator, a rotary motor, a linear motor, shape memory alloy,
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conductive polymers, electroactive polymers, electrostatic devices, and combinations
thereof. Different types of actuators may be used for different movements and/or for
different limbs. When actuated by the set of control signals, the set of actuators convert
potential energy (e.g., electrical, compressed gas, fluid pressure, etc.) as supplied by a
power source into mechanical energy. The mechanical energy may be transferred to the
limb in any way, e.g. by artificial tendons, gears, hinges, etc.

In the following, various embodiments of the first aspect are defined. These
embodiments provide at least some of the technical effects and advantages described in
the foregoing, as well as additional technical effects and advantages as readily
understood by the skilled person, e.g. in view of the following detailed description.

In one embodiment, the method further comprises: determining an intended limb
movement for the respective limb, wherein the respective set of control signals is
further generated as a function of the intended limb movement.

In one embodiment, the method further comprises: identifying one or more
selected actuators among the respective set of actuators based on the intended limb
movement for the respective limb, and generating the respective set of control signals
for the one or more selected actuators.

In one embodiment, the respective set of control signals is generated to cause the
respective limb to perform the intended limb movement and apply the intended
application force.

In one embodiment, the intended limb movement is determined among at least
two predefined limb movements, and each of the predefined limb movements
corresponds to a predefined movement trajectory of the respective limb.

In one embodiment, one of the predefined limb movements corresponds to a
predefined movement trajectory in which the respective limb is in a relaxed and/or
stationary state.

In one embodiment, the intended limb movement is determined collectively for
two or more limbs of the human subject.

In one embodiment, said determining the intended limb movement comprises:
processing the one or more bioelectric signals by a pattern recognition algorithm.

In one embodiment, the method further comprises: extracting signal features from
the one or more bioelectric signals, and operating the pattern recognition algorithm on
input values comprising the signal features, to cause the pattern recognition algorithm to
process the input values for determination of the intended limb movement of the
respective limb.

In one embodiment, the pattern recognition algorithm outputs at least one

candidate limb movement for the respective limb, and said determining the intended
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limb movement further comprises: validating the at least one candidate limb movement
against a position signal representing actual movement of the respective limb.

In one embodiment, the method further comprises: determining a force value from
the force signal, and providing the force value as a further input value for the pattern
recognition algorithm.

In one embodiment, the method further comprises: obtaining an inertial signal
from an inertial sensor in the active orthotic device or on the human subject,
determining an inertial value from the inertial signal, and providing the inertial value as
a further input value for the pattern recognition algorithm.

In one embodiment, the method further comprises: obtaining a respective position
signal from a respective position sensing device associated with the respective set of
actuators and/or the respective limb, determining a position value from the respective
position signal, the position value being indicative of a momentary position of the
respective limb, and providing the position value as a further input value for the pattern
recognition algorithm.

In one embodiment, the pattern recognition algorithm comprises an artificial
neural network, which is trained to process the input values for determination of the
intended limb movement of the respective limb.

In one embodiment, the method further comprises: the artificial neural network
has an output layer configured to provide output data indicative of the intended limb
movement, said method further comprising: obtaining a respective position signal
representing actual movement of the respective limb, and modifying one or more weight
factors of the output layer as a function of the respective position signal.

In one embodiment, the method further comprises: obtaining an inertial signal
from an inertial sensor in the active orthotic device or on the human subject, processing
the inertial signal for detection of a disturbance condition, and, when detecting the
disturbance condition, disabling at least the step of generating the respective set of
control signals.

In one embodiment, the respective limb is a finger on a hand of the human
subject.

In one embodiment, the respective limb is a respective finger on a hand of the
human subject, and the intended limb movement corresponds to an intended grip to be
formed by one or more fingers on the hand.

A second aspect of the invention is a computer-readable medium comprising
computer instructions which, when executed by a processor, cause the processor to

perform the method of the first aspect and any of its embodiments.
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A third aspect is a control device for an active orthotic device attached to one or
more limbs of a human subject. The active orthotic device comprises a respective set of
actuators for moving a respective limb among the one or more limbs, and the control
device is configured to perform the method of the first aspect or any of its
embodiments.

A fourth aspect of the invention is an active orthotic device configured to be
attached to one or more limbs of a human subject. The active orthotic device comprises
a respective set of actuators for moving a respective limb among the one or more limbs,
and the control device of the third aspect.

Still other objectives, features, embodiments, aspects and advantages of the
present invention may appear from the following detailed description, from the attached

claims as well as from the drawings.

Brief Description of the Drawings

Embodiments of the invention will now be described in more detail with reference
to the accompanying drawings.

FIG. 1 is a schematic view of an active orthosis arranged on the hand of a human
subject.

FIGS 2A-2D illustrate examples of grips that may be attained by use of an active
orthosis.

FIG. 3A is a block diagram of a control system of an active orthosis, and FIG. 3B
is a detailed block diagram the control system of FIG. 3A for controlling a single finger.

FIG. 4 is a flow chart of a method for controlling an active orthosis.

FIG. 5 is a schematic view of an artificial neural network for determining an
intended grip of a human subject wearing an active orthosis.

FIG. 6 is a block diagram of a control device for operating an active orthosis.

Detailed Description of Example Embodiments

Embodiments of the present invention will now be described more fully
hereinafter with reference to the accompanying drawings, in which some, but not all,
embodiments of the invention are shown. Indeed, the invention may be embodied in
many different forms and should not be construed as limited to the embodiments set
forth herein; rather, these embodiments are provided so that this disclosure may satisfy
applicable legal requirements. Like numbers refer to like elements throughout.

Also, it will be understood that, where possible, any of the advantages, features,
functions, devices, and/or operational aspects of any of the embodiments of the present

invention described and/or contemplated herein may be included in any of the other
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embodiments of the present invention described and/or contemplated herein, and/or vice
versa. In addition, where possible, any terms expressed in the singular form herein are
meant to also include the plural form and/or vice versa, unless explicitly stated
otherwise. As used herein, "at least one" shall mean "one or more" and these phrases are
intended to be interchangeable. Accordingly, the terms "a" and/or "an" shall mean "at
least one" or "one or more", even though the phrase "one or more" or "at least one" is
also used herein. As used herein, except where the context requires otherwise owing to
express language or necessary implication, the word "comprise" or variations such as
"comprises” or "comprising” is used in an inclusive sense, that is, to specify the
presence of the stated features but not to preclude the presence or addition of further
features in various embodiments of the invention. As used herein, a "set" of items is
intended to imply a provision of one or more items.

As used herein, an "orthotic device" or "orthosis" refers to an externally applied
device that is designed and fitted to the body of an individual to modify structural and
functional characteristics of the neuromuscular and skeletal system. The wearer of the
orthosis may be incapable of moving one or more limbs or may have an impaired ability
to control or effect the movement of one or more limbs. The orthosis may thus be
arranged to perform, stabilize or assist a movement of one or more limbs, and well as to
enhance the force by which a limb interacts with an object. The orthosis may be
configured for any limbs or combinations of limbs, including but not limited to any
upper body extremity such as an upper arm, a forearm, a hand, a finger, a phalange, or
any lower body extremity such as a thigh, a lower leg, a foot, a toe or a phalange. Each
such limb is moved in relation to one or more joints, such as a shoulder joint, an elbow
joint, a wrist, finger joint, a hip joint, a knee joint, an ankle or a toe joint.

In the following, the orthotic device will be exemplified as a hand orthosis, which
is configured to be worn on the hand of an individual and is operable to impart a
controlled limb movement to one or more fingers. In the context of a hand orthosis,
such a controlled limb movement for one or more limbs may be referred to as a "grip".
The hand orthosis may perform, stabilize or assist a grip involving one or more fingers
and/or strengthen a grip in contact with an object.

FIG. 1 is a perspective view of a hand 1 wearing an example orthosis 2 which
comprises a cover or sheath 3A configured as a finger glove. The sheath 3A is arranged
on the thumb 1A and the index finger 1B and in engagement with the palm and the back
of the hand of the individual. In this example, the orthosis 2 is configured to impart a
controlled movement to each of the fingers 1A, 1B. Although not shown in FIG. 1, the
sheath 3A may also, or alternatively, be configured to be worn on any one of the middle

finger 1C, the ring finger 1D and the little finger 1E, and the orthosis 2 may be
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configured for movement control of any one the fingers 1A-1E or any combination
thereof.

In the illustrated example, the hand orthosis 2 comprises cords or lines that serve
as artificial tendons 4. The tendons 4 are fastened to the sheath 3 on distal portions of
the fingers 1A, 1B and are arranged to extend in channels and/or guides (not shown) to
a control module 5. The control module 5 contains a power source, one or more
actuators and control electronics for imparting a defined movement to the respective
tendon 4 so as to move the fingers 1A, 1B into one or more predefined grips. The
respective actuator may comprise an electric motor with one or more gears connected to
a winding device, e.g. a cord reel, to which one or more of the tendons 4 is fastened. It
is realized that, depending on implementation, the orthosis 2 may include one or more
actuators for each finger and/or one actuator may be attached to a tendon 4 extending to
two or more fingers. In the example of FIG. 1, three tendons 4 are attached to the thumb
1A and to a respective actuator (not shown) in the control module 5, where the actuators
are operable to selectively pull the respective tendon 4 so as to impart a desired
movement to the thumb 1A. The index finger 1B may be controlled into a bending
motion by one tendon 4, shown in FIG. 1. Optionally, a further tendon (not shown) may
be arranged on the rear side of the index finger 1B to impart a straightening motion to
the finger 1B.

The control module 5 is arranged onto the forearm 6 of the individual by a band or
strap 3B. As indicated by dashed lines, a set of bioelectric sensors 10 are arranged for
contact with the forearm 6. Although four sensors 10 are shown in FIG. 1, any number
of sensors 10 may be used. The bioelectric sensors 10 may be in the form of electrodes
that are configured to detect the electrical activity produced by the skeletal muscles on
the forearm 6 that are relevant for moving the fingers to be controlled by the orthosis 2.
The sensors 10 may be arranged in contact with the skin or be implanted. In the
following examples, the bioelectric sensors 10 are so-called EMG (electromyography)
sensors and the bioelectric signals are EMG signals. In the illustrated example, the
sensors 10 are integrated into the band 3B for application onto the skin of the forearm 6.
It may be noted that the control module 5 may be arranged anywhere on the body of the
individual and that the control module 5 may be physically separated into two or more
devices, e.g. a power source, an actuator device and a control device (cf. 60 in FIG. 6).
The sensors 10 may alternatively or additionally be arranged on the other forearm of the
individual, thereby allowing the individual to control a hand orthosis 2 on the right hand
1 by muscle activity in the left forearm, or vice versa. In an alternative, the sensors 10
may be arranged to sense activity of muscles that are physically unrelated to the finger

movement, and the orthosis 2 may be configured to move the fingers based on such
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muscle activity. For example, the orthosis 2 may attain one or more grips in dependence
of the wrist angle.

The orthosis 2 is operable, via the actuators, to attain different states, where each
state corresponds to a predefined grip. As used herein, a "grip" not only includes
activated grips in which one or more fingers 1A-1E are actively operated to apply a
force onto an object, e.g. an external object or a body part, but also passive grips in
which the fingers 1A-1E are relaxed and/or stationary and do not apply any force. The
passive grip is thus an "open grip" or "relaxed grip". The arrangement of the fingers 1A-
1E in the open grip may be left to the wearer, e.g. by decoupling the actuators so as to
allow the wearer to attain any desired relaxed grip. Alternatively, the arrangement of the
fingers 1A-1E in the relaxed grip may be set by the actuators and/or by the design of the
sheath 3A. Examples of different grips are shown in FIGS 2A-2D, where the orthosis
has been omitted for clarity of presentation. FIG. 2A shows an open (relaxed) grip GO.
FIG. 2B shows a pinch grip G1 in which the tips of the thumb 1A and the index finger
1B are moved into engagement with an object 8. FIG. 2C shows a lateral grip G3, in
which at least the index finger 1B is bent and the tip of the thumb 1A is moved laterally
and to engage an object 8 between the tip of the thumb 1 and the bent index finger 1B.
FIG. 2D shows a cylindrical grip G4 in which one or more of the fingers 1A-1E are
moved to press an object 8 onto the palm of the hand.

Embodiments of the invention involve a technique of operating an orthosis 2 to
better mimic the movement of the fingers of a healthy individual when attaining
different grips. One such embodiment involves determining, based on signals from the
bioelectric sensors 10, an intended grip and an intended grip force for each finger 1A-
1E involved in the intended grip. The intended grip may be determined among a set of
predefined (predetermined) grips, e.g. as exemplified in FIGS 2A-2D, where each
predefined grip is associated with a predefined movement trajectory of the respective
finger 1A-1E and thus activation of one or more selected actuators among the actuators
in the orthosis 2. The intended grip force defines one or more set points for controlling
the selected actuators based on an actual contact force of the respective finger 1A-1E
involved in the intended grip. Thereby, it is possible to operate the selected actuators to
achieve the intended grip with the intended grip force in a well-controlled and natural
manner.

While the following description may refer to the orthosis 2 as shown in FIG. 1,
the embodiments of the invention are not limited to any particular type of orthosis or
structural configuration thereof.

FIG. 3A is a block diagram of a control system of an orthosis attached to a

number of limbs (fingers), which are schematically indicated and designated by 1A-IN.
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The control system operates on a set of EMG signals [S(t)] which are received from a
set of EMG sensors 10 to selectively actuate one or more of the fingers 1A-1N. The
control system includes a force prediction module 12, which is configured to process
the EMG signals [S(t)] for determination of intended force data [F ()] for the fingers
1A-1N. The intended force data [F(t)] may include an intended force value for each
finger 1A-1N. The control system further includes a grip prediction module 14, which is
configured to process the EMG signals [S(t)] for determination of intended grip data
[G(t)] for the fingers 1A-1N. Depending on implementation, the grip data [G(t)] may
include an index representing a selected grip, or a respective probability value for one or
more candidate grips. A coordination module 16 operates on the intended force data
[F(t)] and the grip data [G(t)] to generate intended force signals F,(t)...., Fy(t) for
finger controllers 18A-18N, which each comprise one or more actuators for moving the
respective finger 1A-1N. The intended force signals F,(t)...., Fy(t) are generated to
cause the finger controllers 18A-18N to impart a desired movement of one or more of
the fingers 1A-1IN. To the extent that the one or more actuators of the respective finger
controller 18A-18N are configured to impart a predefined two-dimensional (2D) finger
movement, e.g. by bending the finger to move its distal portion in a 2D plane, the finger
controller may operate solely on the intended force signal. If a finger controller has
more than two degrees of freedom (DOF), e.g. by being operable to move a thumb in
two or more directions with respect to the carpometacarpal (CMC) joint, the
coordination module 16 may additionally provide a grip signal that indicates the
intended grip and causes the finger controller to selectively operate its actuators in
accordance with the intended grip. In FIG. 3A, such a grip signal G4(t) is provided by
the coordination module 16 to the finger controller 18A.

The force prediction module 12 may be configured to evaluate (compute) one or
more force-related parameters based on one or more of the EMG signals [S(t)] and
determine the intended force data [F (t)] as a function thereof. Such force-related
parameters may represent the time domain, the frequency domain or the time-frequency
domain, or any combination thereof. Examples of force-related parameters include,
without limitation, Wilson amplitude, variance, mean absolute value, waveform length,
histogram, mean frequency, entropy, slope, etc. These and other potential force-related
parameters are defined in the article "Prediction of grasping force based on features of
surface and intramuscular EMG", by Mathiesen et al., published in 7th semester
conference paper (2010) 1-9, and citations listed therein, all of which are incorporated
herein by this reference. For example, the article indicates a linear relationship between

Wilson amplitude and intended force.
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The grip prediction module 14 may be configured to evaluate (compute) a
plurality of grip-related signal features based on one or more of the EMG signals [S(t)]
and operate a pattern recognition algorithm on the signal features to determine the grip
data [G(t)], by assigning the signal features to one or more predefined classes that each
represents an predefined grip. Such signal features are well-known in the art and may
represent the time domain, the frequency domain or the time-frequency domain, or any
combination thereof. Examples of signal features are given in the above-identified
article by Mathiesen et al. The pattern recognition algorithm, if properly defined,
ensures consistent and robust grip prediction. The pattern recognition algorithm may
range in complexity from simple to advanced, e.g. depending on the number of sensors
10, the number of predefined grips, the number of fingers controlled by the orthosis, the
degrees of freedom of the respective finger, etc. Examples of pattern recognition
algorithms include, without limitation, a simple combination of evaluation rules, Bayes
classifier, linear discriminant analysis (LDA), support vector machine (SVM), Gaussian
mixture model (GMM), quadratic classifier, kernel density estimation, decision tree,
artificial neural network (ANN), recurrent neural network (RNN), and Long Short Term
Memory (LSTM). A more detailed example is given below with reference to FIG. 5.

In FIG. 3B, the structure of the finger controller 18A is shown in more detail,
comprising a summation unit 19, an actuator controller 20 and an actuator 21. The
summation unit 19 is configured to receive the intended force signal F,(t) from the
coordination module 16 and a measured force signal F,(t) from a force sensing device
22, and output a difference or error signal e(t) corresponding to the momentary
difference between the signals F,(t) and F,(t). The measured force signal F,(t) is a
time sequence of actual force values, each representing a momentary application force
(contact force) occurring between the finger 1A and an object which is touched or
gripped by the finger 1A. The force sensing device 22 may be arranged in the sheath 3A
(FIG. 1) or be attached to the finger 1A, e.g. in the form of a piezoelectric sensor, a
force-sensing resistor (FSR), a load cell, etc. Alternatively, the force sensing device 22
may be included in or associated with the actuator 21 to indirectly measure the
application force, e.g. by measuring a force applied to a tendon (4 in FIG. 1), a strain or
torque on a drive axis, etc. In a further alternative, the force sensing device 22 may
sense the orientation and/or position of one or more components of the actuator 21, e.g.
the above-mentioned winding device, and algorithmically compute the applied force
based thereon. The actuator controller 20 is configured to receive the error signal e(t)
and generate a control signal u(t) for the actuator 21, which is arranged to impart a
corresponding movement to the finger 1A. The finger controller 18 may include more

than one actuator 21, and the actuator controller 20 may be configured to generate a
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respective control signal for each actuator 21 so as to minimize the error signal e(t).
The actuator controller 20 may implement any available control algorithm, including
proportional (P), integral (I) and derivative (D) control, or any combination thereof. In
the example of FIG. 3B, the actuator controller 20 is also configured to receive the grip
signal G4(t) from the coordination module 16. Based on the grip signal G4(t), the
actuator controller 20 is operable to infer, by appropriate logic, which one(s) of the
actuators 21 that should be actively controlled to form the intended grip.

FIG. 3B also indicates, by dashed arrows, that the grip prediction module 14 may
be configured to receive the force signal F,(t) from the force sensing device 22, as well
as a position signal P,(t) from a position sensing device 24. The position signal P,(t) is
a time sequence of position values, each representing a momentary position of the
finger 1A. In this context, a "position" refers to any metric or combination of metrics
that defines the location of the finger or a part of the finger, e.g. a phalange, in relation
to a predefined reference. The reference may, e.g., be a coordinate system, e.g. Carte-
sian, polar, cylindrical or spherical, with a predefined location on the hand 1 or the
orthosis 2. In one example, the position sensing device 24 is configured to algorith-
mically compute the position based on the current orientation or position of one or more
components of the actuator 21 and/or based on signal(s) from one or more inertial
sensors on the finger 1A, e.g. arranged in the sheath 3A.

FIG. 3B further indicates, by a dashed arrow, that the grip prediction module 14
may be configured to receive one or more inertial signals /(t) from one or more inertial
sensors 26, e.g. comprising one or more accelerometers and/or gyroscopes. The inertial
signal(s) /(t) may be indicative of one or more of acceleration, angular velocity,
orientation, etc. The inertial sensor(s) 26 may be arranged in one or more finger
controllers 18A-18N, and/or on one or more fingers 1A-1N, the hand 1, the sheath 3A,
or elsewhere on the wearer of the orthosis 2.

The finger controllers 18B-18N in FIG. 3A may be configured in correspondence
with the finger controller 18A as described above.

FIG. 4 shows an embodiment of a method 400 for controlling an orthosis. The
method 400 will be exemplified with reference to the control system in FIGS 3A-3B for
the hand orthosis 2 in FIG. 1. In the illustrated embodiment, the method 400 is divided
into three sub-sequences 400A, 400B and 400C. Sub-sequence 400A predicts the
intended grip and is performed by module 14. Sub-sequence 400B predicts the intended
force and is performed by module 12. Sub-sequence 400C selects the actuators in the
orthosis to be operated and controls the selected actuators to perform the intended grip.

Sub-sequence 400C may be performed by module 16 and the finger controllers 18A-
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18N. The method 400 may be repeatedly executed at consecutive time steps, although
the time steps may differ between the sub-sequences 400A-400C.

In step 401, EMG signals [S(t)] are obtained from the EMG sensors 10. The
EMG signals [S(t)], or a respective subset thereof, are processed by sub-sequence
400A and sub-sequence 400B. In sub-sequence 400A, one or more EMG signals [S(t)]
are pre-processed (step 402A), e.g. by amplification, filtering for noise reduction,
normalization and rectification, as is well-known in the art. In step 403, a plurality of
EMG signal features are extracted within a time window in the pre-processed EMG
signal(s), e.g. as exemplified above with reference to module 14. Steps 404-406 are
optional and may be included to improve the prediction of the intended grip. In step
404, one or more inertial signal features are extracted from the inertial signal(s) I(t).
The inertial signal feature(s) may represent any type of inertial parameter, including
without limitation linear acceleration in one or more directions, linear velocity in one or
more directions, one or more orientation angles, angular velocity in one or more
directions, angular acceleration in one or more directions, etc. In step 405, one or more
force features are extracted from the measured force signal for the respective finger (cf.
F,(t) in FIG. 3B). The force feature(s) may include an individual force value, a time
average of force values, a maximum or minimum force value within a time window, a
slope, a variance, etc. In step 406, one or more position features are extracted from the
measured position signal for the respective finger (cf. P,(t) in FIG. 3B). The position
feature(s) may include an individual position value, a time average of position values, a
maximum or minimum position value within a time window, a slope, a variance, etc. In
step 407, the features obtained by steps 403-406 are provided as input values (also
denoted "feature set" herein) to a pattern recognition algorithm, which may be of any
type, e.g. as exemplified above with reference to module 14. In step 407, the pattern
recognition algorithm outputs the grip data [G(t)] (FIGS 3A-3B), which is used by step
408 for determining the intended grip. If the grip data [G(t)] comprises probabilities for
different predefined grips (candidate grips), step 408 may select the grip with the
highest probability. In a variant (not shown), step 408 may determine the intended grip
based on a combination of the grip data [G(t)] and the intended force data [F(t)],
which is determined by step 410 (below).

FIG. 5 shows an example of a pattern recognition device 50, which may be used
in step 407 and may be part of the grip prediction module 14 in FIGS 3A-3B. In the
illustrated example, the pattern recognition device 50 comprises an artificial neural
network (ANN), which has been trained to classify incoming feature sets into four
candidate grips, designated by G, - Gs, e.g. corresponding to grips G0-G3 in FIGS 2A-
2D. Depending on implementation, the ANN 50 may indicate a single predicted grip
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among G, - G5 for each feature set, or a probability value for each of G, - G5. ANNs are
well-known as such will not be described in detail. It may be noted that the ANN 50
may have any number of hidden layers intermediate the input layer 44 and the output
layer A,,. Further, each neuron (represented by a circle in FIG. 5) is assigned a respec-
tive weight and optionally a respective bias, and FIG. 5 collectively designates the
weights applied by the neurons in layer A; by [w, ;] and in layer A, by [w,,;]. Any
conventional activation function may be used for the respective layer. Although not
shown in FIG. 5, all neurons in the respective layer are connected to all neurons in the
adjacent layer(s). FIG. 5 also illustrates feature extraction modules 53-56 for extracting
features in accordance with the respective step 403-406. In the illustrated example, pre-
processed EMG signals S1-S4 are processed by module 53 to provide a set of EMG
features to the ANN 50, measured force signals F,, Fy for fingers 1A, 1B are processed
by module 54 to provide a set of force features to the ANN 50, measured position
signals P,, Py for fingers 1A, 1B are processed by module 55 to provide a set of posi-
tion features to the ANN 50, and inertial signals I, I for fingers 1A, 1B are processed
by module 56 to provide a set of inertial features to the ANN 50. In a conventional
implementation, the feature set only includes EMG signal features. By insightful
reasoning, the present inventors have found that improved grip prediction, e.g. with
respect to robustness and accuracy of prediction, may be achieved by expanding the
feature set to include force feature(s), position feature(s) or inertial feature(s), or any
combination thereof. It is realized that the values of the force features, position features
and inertial features may differ between different grips and thus enable an improved
classification of the feature set into an intended grip. The expanded feature set is
applicable to all types of pattern recognition algorithms, not only ANNSs.

The inventors have further found that by including the relaxed grip G, among the
candidate grips, irrespective of pattern recognition algorithm, the user is able to control
the orthosis 2 to release an active grip in a natural and intuitive way.

Reverting to sub-sequence 400B in FIG. 4, one or more EMG signals [S(t)] are
pre-processed (in step 402B), e.g. by amplification and filtering for noise reduction. In
step 410, an intended force for each finger is computed for signal values within a time
window of the pre-processed EMG signal(s), e.g. as exemplified above with reference
to module 12. Thus, step 410 results in intended force data [F(t)].

In sub-sequence 400C, step 411 selects the actuators that should be operated to
perform the intended grip. Step 411 may be omitted if all actuators of a finger controller
are operated for all of the predefined grips. Step 412 obtains a current value of the
actual application force for the respective finger that is involved in the intended grip. As

understood from the foregoing, step 412 may obtain the current value from the resp-
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ective measured force signal (cf. F,;(t) in FIG. 3B). The current value may be a single
force value or a time-average of force values in the measured force signal. In step 413, a
difference value (momentary force difference) between the intended force and the
current value is computed. The difference value forms a signal value in the error signal
e(t) in FIG. 3B. In step 414, a control value is generated for the respective selected
actuator in accordance with a predefined control algorithm and as a function of the
difference value. The control value forms a signal value in the control signal u(t) in
FIG. 3B.

It is realized that the method 400 is repeatedly executed to progressively move the
fingers into the intended grip. The grip prediction by sub-sequence 400A and the force
prediction by sub-sequence 400B may but need not be performed concurrently. It
should also be understood that the orthosis 2 may configured to allow the wearer to
move its fingers, assuming that the wearer has such ability, without resistance from the
actuators. For example, the orthosis may be a handgrip strengthener, which allows the
wearer to move its fingers towards or into the intended grip, and the orthosis strengthens
the intended grip in accordance with the intended force. Thus, the force-based
movement control as described in the foregoing may be performed only during part of
the movement into the intended grip. In another example, if an intended non-relaxed
grip is detected but no intended force, the orthosis may nevertheless move the fingers
towards the intended grip, e.g. by the coordination module 16 generating the intended
force signals F,(t),..., Fy(t) with predefined values. If an intended force is detected
during the movement, the coordination module 16 may switch to generating the
intended force signals F,(t),..., Fy(t) to reflect the intended force, so as to achieve the
intended grip with the intended force. It is also conceivable that the grip prediction by
sub-sequence 400A is omitted, e.g. if the orthosis is configured to perform a single grip.

It is realized that if the momentary position of the respective finger is measured
(cf. P,(t) in FIG. 3B) while the wearer starts to move its fingers, one or more measured
positions of the respective finger may be analyzed to validate the output of the pattern
recognition algorithm. Such a validation is effectively embedded into the pattern
recognition algorithm when one or more position features are included in the feature set
(cf. step 406 and FIG. 5). Alternatively or additionally, the method 400 may comprise a
step of matching the measured position(s) to the output of the pattern recognition
algorithm and refraining from proceeding to sub-sequence 400C if there is a mismatch
between the measured position(s) and the movement trajectories of the grip that is
predicted by the pattern recognition algorithm. In a further alternative, one or more of
the weight factors of the ANN 50 may be modified as function of the measured

positions (cf. P, Pg). In one such embodiment, the method 400 comprises a step of
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modifying one or more of the weight factors [w,, ;] of the output layer A,, based on the
momentary finger position, so as to drive the prediction of the ANN 50 towards the
intended grip with the movement trajectories that match the measured position signals.

The bioelectric signals are typically weak and noisy and thereby susceptible to
disturbances. For example, sudden movements of the body or a body part of the wearer
may distort the bioelectric signals [S(t)] and disturb the operation of the orthosis. In
some embodiments, the method 400 may include a step of processing the inertial
signal(s) I(t) for detection of a disturbance condition, e.g. a sudden change in velocity,
position or orientation, and step of disabling at least step 414 if the disturbance
condition is detected. In one example, the detection of a disturbance condition may
cause the operation of the orthosis 2 to be temporarily suspended. In another example,
step 414 may be replaced with a step of using the latest intended force signals F,(¢),...,
Fy (t) until the disturbance has subsided or for a predefined time period, so that the
operation of the orthosis 2 continues in a safe way during the disturbance.

To further exemplify embodiments of the invention, reference is made to FIGS
2A-2D. In the following examples, it is assumed that the orthosis 2 is configured, by the
respective finger controller 18A-18E, to move the fingers 1B-1E along a respective
default trajectory, i.e. in a predefined 2D movement, and to move the thumb 1A along
three different movement trajectories. If the control system detects that the wearer
intends to attain the pinch grip G1 with a first force, the orthosis operates selected
actuators to move the thumb 1A on a first trajectory associated with the pinch grip G1
and the index finger 1B on its default trajectory, until the first force is measured for the
thumb 1A and the index finger 1B. If the control system then detects that wearer intends
to attain the relaxed grip GO, the orthosis may either disengage the actuators to allow
the wearer to move the fingers into the relaxed grip GO or operate the selected actuator
to move the fingers into the relaxed grip GO. If the control system detects that the
wearer intends to attain the lateral grip G2 with a first force for the thumb 1A and a
second force for the other fingers 1B-1E, the orthosis operates selected actuators to
move the fingers 1B-1E on their respective default trajectory and the thumb 1A on a
second trajectory associated with the lateral grip G2, until the first force is measured for
the thumb 1A and the second force is measured for the fingers 1B-1E. If the control
system detects that the wearer intends to attain the cylindrical grip G3 with a first force
for all fingers 1A-1E, the orthosis operates selected actuators to move the fingers 1B-1E
on their respective default trajectory and the thumb 1A on a third trajectory associated
with the cylindrical grip G3, until the first force is measured for all fingers 1A-1E.

FIG. 6 is a diagrammatic representation of a control device 60 in accordance with

an embodiment of the invention. The device 60 comprises a communication module 61
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defining one or more interfaces for data communication in accordance with any suitable
protocol or protocols. As shown, the device 60 may input data from bioelectric sensor(s)
10, force sensing device(s) 22, position sensing device(s) 24, inertial sensor(s) 26, and
output control signal(s) for actuator(s) 21, via the communication module 61. The
device 60 further comprises one or more processors 62, e.g. a central processing unit
(CPU), a microprocessor, a microcontroller, a digital signal processor (DSP), an
application specific integrated circuit (ASIC), a field programmable gate array (FPGA),
or any combination thereof. The device 60 further comprises system memory 63, which
may include computer memory in the form of volatile and/or non-volatile memory such
as read only memory (ROM), random access memory (RAM) and flash memory. The
memory 63 may store computer instructions 64 (e.g. software or program code) for
causing the device 60 to perform any one of the methodologies discussed herein. The
instructions 64 may be supplied to the device 60 on a computer-readable medium 65,
which may be a tangible (non-transitory) product (e.g. magnetic medium, optical
medium, read-only memory, flash memory, digital tape, etc) or a propagating signal.
When executed by the processor(s) 62, the instructions 64 may cause the processor(s)
62 to perform any one of the methodologies discussed herein. In this context, it is to be
understood that any of the modules 12, 14, 16, 18A-18E described in the foregoing may
be implemented by the processor(s) 62 executing the instructions 64. However, it is also
conceivable that one or more of the modules 12, 14, 16, 18A-18E are implemented
solely by dedicated hardware.

While the invention has been described in connection with what is presently
considered to be the most practical and preferred embodiments, it is to be understood
that the invention is not to be limited to the disclosed embodiments, but on the contrary,
is intended to cover various modifications and equivalent arrangements included within

the spirit and the scope of the appended claims.
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CLAIMS

1. A method of controlling an active orthotic device (2) attached to one or more
limbs (1A-1N) of a human subject, said active orthotic device (2) comprising a
respective set of actuators (21) for moving a respective limb among the one or more
limbs (1A-1N), said method comprising:

obtaining (401) one or more bioelectric signals from one or more bioelectric
sensors (10) attached to or implanted in the human subject,

processing (410) the one or more bioelectric signals for prediction of an intended
application force of the respective limb (1A-1N) onto an object (8),

obtaining (412) a force signal from a force sensing device (22) associated with the
respective set of actuators (21) and/or the respective limb (1A-1N), and

generating (413, 414), as a function of a momentary difference between the
intended application force and the force signal, a respective set of control signals for the

respective set of actuators (21).

2. The method of claim 1, further comprising: determining (408) an intended limb
movement for the respective limb (1A-1N), wherein the respective set of control signals

is further generated as a function of the intended limb movement.

3. The method of claim 2, said method further comprising: identifying (411) one
or more selected actuators among the respective set of actuators (20) based on the
intended limb movement for the respective limb (1A-1N), and generating (412, 413) the

respective set of control signals for the one or more selected actuators.

4. The method of claim 2 or 3, wherein the respective set of control signals is
generated to cause the respective limb (1A-1N) to perform the intended limb movement

and apply the intended application force.

5. The method of any one of claims 2-4, wherein the intended limb movement is
determined among at least two predefined limb movements, wherein each of the
predefined limb movements corresponds to a predefined movement trajectory of the
respective limb (1A-1N).

6. The method of claim 5, wherein one of the predefined limb movements
corresponds to a predefined movement trajectory in which the respective limb is in a

relaxed and/or stationary state.
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7. The method of any one of claims 2-6, wherein the intended limb movement is

determined collectively for two or more limbs of the human subject.

8. The method of any one of claims 2-7, wherein said determining the intended
limb movement comprises: processing (407) the one or more bioelectric signals by a

pattern recognition algorithm (50).

9. The method of claim 8, further comprising: extracting (403) signal features
from the one or more bioelectric signals, and operating (407, 408) the pattern
recognition algorithm (50) on input values comprising the signal features, to cause the
pattern recognition algorithm (50) to process the input values for determination of the

intended limb movement of the respective limb (1A-1N).

10. The method of claim 8 or 9, wherein the pattern recognition algorithm (50)
outputs at least one candidate limb movement for the respective limb (1A-1N), and
wherein said determining the intended limb movement further comprises validating the
at least one candidate limb movement against a position signal representing actual

movement of the respective limb (1A-1N).

11. The method of claim 9 or 10, further comprising: determining (405) a force
value from the force signal, and providing (407) the force value as a further input value

for the pattern recognition algorithm (50).

12. The method of any one of claims 9-11, further comprising: obtaining (404) an
inertial signal from an inertial sensor (26) in the active orthotic device (2) or on the
human subject, determining an inertial value from the inertial signal, and providing
(407) the inertial value as a further input value for the pattern recognition algorithm
(50).

13. The method of any one of claims 9-12, further comprising: obtaining (406) a
respective position signal from a respective position sensing device (24) associated with
the respective set of actuators (21) and/or the respective limb (1A-1N), determining a
position value from the respective position signal, the position value being indicative of
a momentary position of the respective limb (1A-1N), and providing (407) the position

value as a further input value for the pattern recognition algorithm (50).
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14. The method of any one of claims 9-13, wherein the pattern recognition
algorithm comprises an artificial neural network (50), which is trained to process the
input values for determination of the intended limb movement of the respective limb
(1A-1N).

15. The method of claim 14, wherein the artificial neural network (50) has an
output layer (4,,) configured to provide output data indicative of the intended limb
movement, said method further comprising: obtaining a respective position signal
representing actual movement of the respective limb (1A-1N), and modifying one or
more weight factors of the output layer (4,,) as a function of the respective position

signal.

16. The method of any preceding claim, wherein the respective limb is a finger
(1A-IN) on a hand (1) of the human subject.

17. The method of any one of claims 2-15, wherein the respective limb is a
respective finger (1A-1N) on a hand (1) of the human subject, and the intended limb
movement corresponds to an intended grip to be formed by one or more fingers (1A-
IN) on the hand (1).

18. The method of any preceding claim, further comprising: obtaining an inertial
signal from an inertial sensor (26) in the active orthotic device (2) or on the human
subject, processing the inertial signal for detection of a disturbance condition, and, when
detecting the disturbance condition, disabling at least the step of generating the

respective set of control signals.

19. A computer-readable medium comprising computer instructions which, when
executed by a processor (62), cause the processor (62) to perform the method of any one

of claims 1-18.

20. A control device for an active orthotic device (2) attached to one or more
limbs (1A-1N) of a human subject, said active orthotic device (2) comprising a
respective set of actuators (21) for moving a respective limb among the one or more
limbs (1A-1N), said control device being configured to perform the method of any one

of claims 1-18.
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21. An active orthotic device configured to be attached to one or more limbs (1A-
IN) of a human subject, said active orthotic device comprising a respective set of
actuators (21) for moving a respective limb among the one or more limbs (1A-1N), and

the control device according to claim 20.
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