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(57) ABSTRACT

The mmvention relates to an apparatus (1) for unloading a
user’s body weight during a physical activity of said user (4),
particularly for gait training of said user (4), comprising: a
plurality of ropes (41, 42, 43, 44), wherein each rope (41, 42,
43, 44) extends from an associated drive unit (5310, 520, 530,
540), 1s deflected by a passively displaceable deflection
device, e.g. a device that 1s displaceable by means of the
forces 1n the detlected ropes, and then runs to a first free end
(41 a, 42a, 434, 44a) of the respective rope (41, 42, 43, 44),
and anode (60) being coupled to said first free ends (41 a, 424,
43a, 44a) and being designed to be coupled to said user (4),
wherein the drive units (510, 520, 530, 540) are designed to
retract and release the respective rope (41,42,43,44) so as to
adjust a current rope force (FR) along the respective rope (41,
42, 43, 44), which current rope forces add up to a current
resulting force (F) exerted on said user (4) via said node (60)
in order to unload the user (4) upon said physical activity.
Further, the invention relates to a method for controlling such
a system.
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APPARATUS FOR UNLOADING A USER’S
BODY WEIGHT DURING A PHYSICAL
ACTIVITY OF SAID USER, PARTICULARLY
FOR GAIT TRAINING OF SAID USER

[0001] The invention relates to an apparatus, particularly
for (e.g. guidedly) unloading a user’s body weight during a
physical activity of said user, particularly for gait training of
said user (e.g. patient). Of course, also animals, robots or any
other object may be unloaded by the apparatus according to
the invention. Thus, the term “user” may specifically refer to
a human person, but may also mean any other object that is to
unload.

[0002] Typically, in known devices of this kind, a user 1s
statically suspended from a lift line while walking on a tread-
mill. Thus, the sort of physical activities (trainings) that can
be performed by the user are rather limited.

[0003] Based on the above, the problem underlying the
present invention therefore 1s to provide for an apparatus that
allows for a variety of different physical activities or move-
ments while safely supporting the user (object) at the same
time 1n a defined manner.

[0004] This problem 1s solved by a device having the fea-
tures of claim 1 as well as by a method having the features of
claim 15.

[0005] Preferred embodiments are stated 1n the respective
sub claims and are described below.

[0006] According thereto, the apparatus according to the
invention comprises a plurality of ropes, wherein each rope 1s
coupled to an associated drive unit being particularly con-
nected to a suitable rigid support structure (for example a
support frame or a ceiling) and extends from the respective
drive unit to a (uniquely associated) detlection device for
deflecting the respective rope and then to a first free end of the
respective rope, and a node being coupled to said first free
ends and being designed to be coupled to said user, wherein
the drive units are designed to retract and release (e.g. wind
and unwind) the respective rope so as to generate a current
rope force along the respective rope, which current rope
forces add to a current resulting force exerted on said user via
said node 1n order to continuously unload the user upon said
physical activity. Particularly, the node can also be an
extended body, e.g. a frame for instance. Particularly, the
ropes must not necessarily meet 1n one point.

[0007] Preferably, the deflection devices are passively dis-
placeable (1.e. can change their position in space, particularly
in a guided manner), which particularly means that they do
not themselves comprise a movement generating means for
moving the respective detlection device actively, but can be
displaced by forces induced 1nto the detlection devices via the
ropes. Particularly, the deflection devices may be connected
to each other (for instance pairwise such that the respective
two deflection devices can be displaced together while main-
taining a constant distance between the deflections devices
along the direction of displacement), and they may be guided
by a guide rail or a plurality of guide rails or may be sus-
pended from a support structure (e.g. support frame or ceiling
of a room), particularly by means of a wire or another (elon-
gated) supporting element such that their centers of mass can
(passively) change position 1n space. Likewise, said guide
rail(s) may be connected to a support structure (e.g. support
frame or ceiling). A connection between two (or even more)
deflection elements can be provided by means of an (e.g.
separate) connecting means (element), which may be inter-
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changeable. However, detlection devices may also be inte-
grally connected to each other (1.e. form a single piece).
[0008] The rope forces may be controlled such that the
resulting rope force1s a purely vertically acting force, but may
also have components 1n the horizontal plane so as to direct
the user 1n a certain direction upon said physical activity (e.g.
gait training). Further, not only forces can be controlled, also
the position of the node. This can be used for transportation of
loads (alternative application), or just to position the device
above a user.

[0009] Preferably, the apparatus according to the invention
1s configured such that a user (or object) coupled to the node
as mtended can 1n principle perform a movement in a three
dimensional space, 1.e., 1s able to move horizontally, namely
torwards backwards and also sideways, as well as vertically
(e.g. climbing a staircase or some other object such as an
inclined surface provided in the horizontally extending space
accessible to the user being coupled to the node), and can
rotate about the vertical axis, allowing walking curves or
turning. Of course, the apparatus according to the invention
can also be combined with known devices such as a treadmaill
etc.

[0010] However, 1n an embodiment of the mvention, the
deflection devices may be fixed such that they are not moving
in space or along the guide rails. Particularly, the deflection
devices are designed to be fixed 1n a releasable manner to the
guide rails so that the deflection units are temporarily lock-
able regarding their movement along the guide rails,

[0011] According to a further embodiment of the invention,
the support frame comprises an upper frame part extending
along a horizontal extension plane, wherein the support frame
may comprise a plurality of vertically extending leg members
via which the upper frame part can be supported on a floor.

[0012] According to a further aspect of the invention, the
apparatus according to the mvention comprises force sensors
designed to directly or indirectly measure forces in the ropes
or directly on the user. Particularly, each of the ropes interacts
with an associated rope force sensor for determining the
currently acting rope forces and thereby the current resulting
force on the user. Alternatively, the current rope forces may be
detected by means of electrical current sensors interacting
with the drive units (for 1nstance such sensors may be inte-
grated into the actuators of the winches).

[0013] Preferably, these rope force sensors provide (e,g,
analog or digital) output signals corresponding to the cur-
rently acting rope forces (current rope forces).

[0014] In an embodiment of the invention, said output sig-
nals are transmitted via a processing means which digitizes
said output signals to a controlling unit (also denoted as
control unit) that 1s able to determine the currently acting rope
forces by means of said output signals provided by the rope
force sensors.

[0015] According to an aspect of the invention, the control-
ling unit 1s designed to control said current resulting force (on
the node/user) or the position of the node either directly via
said drive units or indirectly by controlling said rope forces
(1.e., the individual rope forces acting on the node) 1n an
(1nner) control loop 1n order to adjust said current resulting
force for unloading (and eventually also pulling) the user1n a
pre-defined manner, wherein the controlling unit1s preferably
designed to calculate a currently desired (reference) rope
force for each of the ropes and to control the drive units
accordingly such that the current rope forces as determined
with help of the respective rope force sensor (or another
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sensor) match (approach) the respectively desired rope force
at least asymptotically after a certain period of time. Of
course controlling 1s preferably conducted continuously,
wherein particularly the desired rope forces (or desired result-
ing force) and current rope forces (or current resulting force)
may be repeatedly calculated/sensed (e.g. at a constant rate).
In both cases (e.g. indirect or direct control of the resulting
rope force vector), the controlling unit may be designed to
control not only the resulting rope force, but also to influence
the movement of the passively displaceable detlection units in
a desired way at the same time. For example, in the case of
four winches, the mapping from a three-dimensional result-
ant rope force correction to four individual winch force cor-
rections 1s not unique. It represents an underdetermined sys-
tem of equations. This results 1n freedom to influence the
dynamics of the displaceable detflection units as well. For
example, 1t can be desirable to enforce certain relative dynam-
ics of the deflection units. In the case of two deflection units,
enforcing a certain desired (for example asymptotically
stable) relative displacement of the two deflection units (also
denoted as trolleys) with respect to each other delivers the
missing additional constraint in the equation system.

[0016] Altemmatively (or in addition), the controlling unit
may be designed to control the drive units such that the
current (spatial) position of the node (e.g. with respect to a
space-fixed coordinate system or with respect to said appara-
tus) approaches a (currently) desired position of the node.

[0017] In an embodiment of the mvention, the apparatus
comprises at least two ropes, preferably four ropes, namely a
first, a second, a third and a fourth rope (preferably, but not
necessarily, there 1s an even number of ropes). Preferably, the
first rope extends from 1ts associated drive unit towards a first
deflection device, 1s detlected by the first deflection device
and then connects to the node. Likewise, the second rope
preferably extends from 1ts associated drive umit towards a
second detlection device, 1s deflected by the second deflection
device and then connects to the node. Further, also the third
rope (1f present) preferably extends from its associated drive
unit towards a third deflection device, 1s deflected by the third
deflection device and then connects to the node. Finally, also
the fourth rope (i present) extends from its associated drive
unit towards a fourth deflection device, 1s deflected by the
tourth deflection device and then connects to the node. Pret-
erably, two or more deflection devices are connected to each
other to form a deflection unit, so that their combined move-
ment 1s governed by (multiple) rope forces acting on them.

[0018] In an aspect of the vention, each rope may be
connected to the node via a spring element.

[0019] Particularly, the rope force sensors may be formed
with help of such spring elements (being inserted into the
respective rope) in combination with a means to measure the
length of the respective spring element, e.g. a linear encoder
or a wire sensor, which may be a cable-extension transducer
comprising a measuring cable wound on a cylinder (spool)
coupled to a shait of a rotational sensor (e.g. a potentiometer),
wherein the respective rotational sensor 1s connected to an
end of the respective spring element and wherein the respec-
tive measuring cable 1s connected to another end of the
respective spring element. In case the transducer’s measuring,
cable 1s now unreeled or reeled from the cylinder when the
respective spring element 1s elongated or contracted, the cyl-
inder and shaft rotate accordingly, thus creating an (electrical)
output signal of the rotational sensor proportional to the mea-
suring cable’s linear extension. Knowing the spring constant

Nov. 12, 2015

of the respective spring element, the rope force can thus be
determined via the spring force of the respective spring ele-
ment. In this regard, 1t 1s to be noted that any other force
sensor may also be employed 1n order to measure the 1ndi-
vidual rope forces acting on the ropes and/or directly the
resultant rope force acting on the user. It 1s also possible to
employ sensors that measure the angles of the ropes 1n space,
and thereby the direction of forces (e.g. by angle sensors or by
inertial measurement units), or sensors that measure the
forces acting between connected deflection devices of at a
deflection unit, and thereby indirectly the rope forces or com-
ponents thereof.

[0020] Preferably, the force sensor 1s located close to the
node, but 1t can also be located closer to the respective drive
unit or winch, or even be based on measurement of the elec-
trical current of the respective drive unit (e.g. actuator driving
the respective winch).

[0021] According to an aspect of the invention, the appara-
tus comprises at least a first guide rail (for instance in case of
two ropes and two detlection devices), preferably also a sec-
ond guide rail, each running along a longitudinal axis. These
longitudinal axes preferably extend horizontally with respect
to an operating position of the apparatus, 1n which the appa-
ratus can be operated (e.g. by the user) as intended. Prefer-
ably, the guide rail(s) can be connected to said support struc-
ture (e.g. support frame or ceiling of a room, in which the
apparatus 1s arranged). In case of a support frame, the guide
rail(s) may be connected to said upper frame part. Preferably,
the guide rails are arranged such that they run parallel with
respect to each other. Particularly, in case of two guide rails,
cach guide rail may be tilted about its longitudinal axis,
particularly by an angle of 45°.

[0022] Preferably, the first and the second deflection device
are slidably connected to the first guide rail, so that they can
slide along the first guide rail along the longitudinal axis of
the first guide rail. In case of four ropes, the third and the
fourth deflection device are preferably slidably connected to
the second guide rail, so that they can slide along the second
guide rail along the longitudinal axis of the second guide rail.
In detail, the individual detlection devices may comprise a
base (e.g. in the form of a cart) via which the respective
deflection device can be slidably connected to the associated
guide rail, and wherein each deflection device particularly
comprises an arm hinged to the base of the respective detlec-
tion device so that the respective arm can be pivoted with
respect to the respective base about a pivoting axis runnming
parallel to the longitudinal axis of the respective guide rail.
Further, the deflection devices may each comprise a detlec-
tion element connected to the respective arm, around which
deflection element the respective rope 1s laid for deflecting
said rope, and wherein the respective detlection element may
be formed by a roller that 1s rotatably supported on the respec-
tive arm, so that particularly the respective roller can be
rotated about a rotation axis that runs across the longitudinal
axis of the respective guide rail. Further, an arresting means
may be provided for each detlection device for arresting the
respective deflection device with respect to the associated
guide rail, for instance when using the apparatus with a tread-
muall.

[0023] According to a further aspect of the invention, the
first and second detlection device are connected by a connect-
ing element (or by an integral connection), which 1s prefer-
ably elastic (particularly such that the restoring force 1s pro-
portional to the elongation of the elastic connecting element)
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or non-¢lastic, so as to form a first deflection unit (also
denoted as first trolley). Likewise, 1n case of four ropes, the
third and the fourth deflection device are preferably con-
nected by a further connecting element (or by an integral
connection), which may also be elastic or non-elastic (see
above), so as to form a second deflection unit (also denoted as
second trolley), wherein particularly said connecting ele-
ments comprise the same length along the longitudinal axis of
the respective guide rail. Further, the connecting elements
may be designed to releasably connect the associated deflec-
tion devices, 1 order to be able to substitute a connecting,
clement with a connecting element having a different length
along the respective longitudinal axis. Further, the respective
connecting element may be a tlexible rope member or a rigid
rod (particularly produced out of a carbon fibre composite).

[0024] Preferably, the drive unit of the first rope and the
drive unit of the second rope face each other along the longi-
tudinal axis of the first guide rail, wherein the first detlection
unit 1s arranged between said drive units along the longitudi-
nal axis of the first guide rail. In a stmilar manner, in case of
four ropes, additionally also the drive unit of the third rope
and the drive unit of the fourth rope face each other along the
longitudinal axis of the second guide rail, wherein the second
deflection unit 1s arranged between said drive units along the
longitudinal axis of the second guide rail. Preferably, the
drive units are arranged on the corners of a rectangle.

[0025] According to a further aspect of the invention, the
drive units each comprise an actuator (particularly a servo
motor) being connected to a winch, around which the respec-
tive rope 1s wound, particularly via a flexible coupling,
wherein the respective actuator 1s designed to exert a torque
on the respective winch via a drive axis of the respective
winch so as to retract or release the respective rope, 1.€. to
adjust the length of the respective rope that 1s unwound from
the winch. Optionally, the respective drive unit may comprise
a brake for arresting the respective winch. Further, in order to
prevent the respective rope from jumping off the associated
winch or over a thread, the respective drive unit preferably
comprises at least one pressing member, particularly in the
form of a pressure roller that presses the respective rope being
wound around the associated winch with a pre-definable pres-
sure against the winch.

[0026] According to a further aspect of the invention, the
drive units may be coupled to an actuator unloading system
that 1s designed to compensate for the weight that 1s to be
unloaded so that the actuators do not have to permanently
exert the full torque on the winches, but are merely needed to
support changes 1n movement or a portion thereof.

[0027] According to yet another aspect of the invention, the
apparatus comprises a sensor means for determining a current
state of the apparatus as well as the position of the user (node)
with respect to the apparatus or a space-fixed coordinate
system. Particularly, said current state 1s given by the lengths
of the ropes being unwound from the respective winch and the
positions of the deflection units along the respective guide
rail.

[0028] Indetail, the lengths unwound from the winches (1.¢.
the length of the portion of the respective rope that 1s
unwound from the respective winch) 1s preferably detected by
mult1 turn encoders being coupled to the drive axes of the
winches, respectively. Other sensors (e.g. cable-extension
transducers may also be employed for determining said
lengths).
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[0029] Further, from output signals provided by said multi
turn encoders, the position of the node can also be determined
by means of the controlling unit. Furthermore, the positions
ol the detlection units along the respective guide rails may be
cach captured by means of distance sensors, for example
linear encoders, magnetic transducers, or optical laser dis-
tance sensors, which distance sensors in the case of laser
sensors—may be arranged at a free end of each guide rail, and
whose output signals may also be digitized by a signal pro-
cessing unit and further transmitted to the controlling unait.

[0030] In case of elastic connecting elements between the
deflection devices, the current rope forces can be calculated
with help of the positions of the deflection devices (e.g. the
apparatus 1s designed to calculate the current rope forces or
directly force components on the node with help of the posi-
tions of the detlection devices). In this case force sensors at
the node may be omitted.

[0031] Further, for determining the acceleration of the
node, an acceleration sensor may be provided on the node,
being capable of sensing the acceleration of the node along
three orthogonal axes. The node may comprise an upper and
a lower node member being rotatably connected to each other,
wherein the ropes are connected to the upper node member
and wherein a bail (see below) may be connected to the lower
node member, such that the bail can be rotated about the
vertical axis. For determining an angular velocity of the node
(1.e. of the upper node member), a gyroscope may be provided
on the node. For sensing orientation of the node (e.g. of the
upper node member), a magnetometer may be provided on
the node. Furthermore, for sensing a rotation angle of said bail
about the vertical axis a potentiometer may be provided onthe
node that measures the angle between the upper and the lower
member (part) of the node. The acceleration sensor, the gyro-
scope, the magnetometer, and the potentiometer may provide
analog or digital output signals representing the respective
quantity to be sensed, wherein particularly these sensors are
preferably connected to a signal processing unit that 1s con-
figured to digitize the respective output signals and/or to
transmit them to the controlling unit, wherein said signal
processing unit 1s preferably connected to the node by means
of a flexible data line or a wireless connection. Further, the
signal processing unit may also be arranged on the node.
Preferably, the acceleration sensor, the gyroscope, and the
magnetometer are integrated into an 1nertial measuring unit
(IMU) arranged at the node, which IMU preterably provides
digital output signals which are particularly forwarded by the
signal processing unit. In the examples above the controlling
unit may be designed to further process and/or analyze said
(digitized) output signals provided by the individual sensors
so as to determine the respective quantity, like the lengths of
the ropes being unwound from the winches, the positions of
the deflection units, or the position of the node (user).

[0032] Especially, the acceleration sensor, the gyroscope,
the magnetometer and the potentiometer may be used to
enhance measurement of the orientation of the resultant force
as well as position detection of the user and the node.

[0033] According to a further preferred aspect of the mnven-
tion, the controlling unit 1s designed to control the drive units,
particularly the torque exerted by the respective actuator onto
the respective winch, particularly depending on a current
state of the apparatus and/or the spatial position of the user
determined with help of the afore-described sensor means,
such that the current resulting force on the user approaches
(matches) the desired resulting force on the user or that the
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current position of the user (node) approaches (matches) a
currently desired position (reference) of the user (node). In
particular, the controlling unit can control this current result-
ing force either directly, 1.e. by sending control signals to the
drive units as a function of the error (e.g. difference) between
a (currently) desired resulting force and the current resulting
torce, or indirectly, by controlling the current rope forces or
winch positions (e.g. the lengths of the rope portions
unwound from the winches) by means of a control loop
denoted as 1nner control loop or inner loop.

[0034] To control the current resulting force directly, with-
out such an 1nner loop, the controlling unit may be configured
to apply a pre-defined torque to a plurality of the drive units at
the same time as a function of said error 1n the current result-
ing force, in order to provide for a fast reaction in highly
dynamical situations, for instance.

[0035] Thus, 1n one embodiment of the present invention,
in case the walking direction of the user 1s pointing along the
longitudinal axes of the guide rails for example, the control-
ling unit may be designed to perform a lateral correction on
the user by commanding the respective drive units to pull the
ropes of the first or the second detlection unit at the same time
by the same amount. Likewise, the controlling unit may be
designed to perform a forward or backward correction on the
user by commanding the respective drive units to pull those
two corresponding ropes at the same time by the same amount
that oppose each other across the longitudinal axes of the
guide rails.

[0036] In an alternative embodiment, said function can be
defined like this: The winch forces Fw or the corresponding
torques u=1F A (with 1 denoting the geometric relation
between winch force and winch torque, e.g. the winch radius,
or the winch radius multiplied by a possible additional trans-
mission ratio) exerted onto the winches are required to fuliill
the equation:

JE W:F d€5+(KP+K}’/ S)(F des_m »

(this equation holds for the torques up to the constant factor1),
where the matrix J 1s the 3x4 Jacobian, which only depends on
the current geometry (node position, deflection unit posi-
tions), F 1s the current force vector on the user, and F;-1s the
vector of winch forces F ;. K, and K, are matrices containing,
proportional and integral gains, respectively, and s 1s the
Laplace operator. As this 1s an underdetermined system of
equations, there 1s still freedom of choice 1n the winch forces
F. This can be solved by adding another equation that
enforces desired movement of the deflection units, for
example to achieve asymptotic attenuation of the relative
displacement between the two detlection units. As the relative
displacement 1s also a function of rope forces, the system of
equations can be solved.

[0037] In case of said indirect controlling said 1nner loop
(provided by the controlling unit) 1s particularly used to cal-
culate the desired rope forces or winch positions being a
reference for said mner loop by requiring a desired static
equilibrium, where

[0038] there 1s force equilibrium on the node,

[0039] there 1s force equilibrium on the deflection units,
and

[0040] the deflection units both reside in the same posi-

tion along the respective guide rail.
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[0041] Particularly, the controlling unit (inner loop) 1is
designed to control the drive units (e.g. the corresponding
torques on the winches), such that the current winch positions
or rope forces (which may be determined with help of the rope
force sensors or positions of the deflection devices) each
approach (match) the respective (currently) desired rope
force or winch positions, respectively.

[0042] Further, 1n an embodiment of the invention, the con-
trolling unit 1s configured to control the torques applied to the
individual winches according to the following control law
used by the controlling unit

U=I(FR gostHK AL R gos—ER) ) Fii g

with Fz ;€ R ! being the calculated reference rope forces
(for example calculated according to said indirect control), 1€
R being the transmission ratio of the respective winch, K e
R ™" being a positive definite rope force feedback matrix
containing feedback gains, ne N being the number of ropes
(e.g. four), and u.e R %! being an optional additional term
going to zero 1n static conditions of the apparatus by means of
which a pre-defined torque can be applied to a plurality of the
winches at the same time (for example calculated according
to said direct control).

[0043] According to a further aspect of the invention, the
controlling unit may also be configured to control said
torques such that a current position of the node approaches a
respective desired position of the node.

[0044] Further, the afore-mentioned bail particularly com-
prises two opposing iree ends, wherein particularly each of
the two free ends comprises a receptacle (for instance in the
form of a hook formed by the bail) for receving a connection
clement for connecting a harness to the bail, which harness 1s
to be put on by the user for connecting the latter to the node
(via the connection elements and the bail). In a variant of the
invention the connection elements are designed to be length
adjustable for adapting the apparatus to the height of a user,
for instance.

[0045] The signal processing unit that may connect to the
acceleration sensor, the gyroscope, the magnetometer and the
potentiometer (see above) may also be connected to the rope
force sensors provided on the node, preferably through a
(flexible) data line (cable). The signal processing unit thereby
transmits output signals provided from the rope force sensors
to the controlling umt, where they can be further processed.

[0046] For enabling the signal processing unit to follow the
node upon movement of the node, the signal processing unit
1s preferably slidably connected to one of the guide rails or
directly to the node. The signal processing unit may be driven
by a further drive unit, wherein particularly the controlling
umt 1s designed to also control the position of the signal
processing unit along the guide rail depending on the position
of the deflection units (or the node) and the signal processing
unit along the guide rail, so as to maintain a constant distance
between the deflection units or node and the moveable signal
processing unit along the respective guide rail. The respective
position of the movable signal processing unit may be sensed
with a suitable sensor and compared to the current position of
the node by the controlling unait.

[0047] The problem according to the invention is further
solved by a method for controlling an apparatus for unload-
ing, particularly the body weight of a user during a physical
activity, as claimed 1n claim 15, wherein the method particu-
larly uses an apparatus according to the ivention.
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[0048] The method according to the mvention may com-
prise the steps of:

[0049] particularly determinming a current state of a sys-
tem of a plurality of ropes each being connected to a
node via a first free end of the respective rope, to which
node a user (being enabled to displace the node horizon-
tally and also vertically upon walking) or an object 1s
coupled, which ropes can each be wound onto and
unwound from a respective winch in order to adjust the
rope forces acting along the respective ropes on the
node, wherein the ropes are each deflected by a
(uniquely) associated deflection device, which deflec-
tion devices are each (passively) movable (e.g. along a
first direction) and particularly connected to each other,
particularly as described above,

[0050] particularly determining the position of the user
(with respect to the apparatus or a space-fixed coordi-
nate system),

[0051] calculating a torque for each of the winches (or a
corresponding winch force) depending on the current
state ol the apparatus and/or the position of the user, such
that the force on the user approaches (matches) the
respective desired force on the user, that the current
position of the user (or node) approaches a (currently)
desired position of the user (or node), and/or that the
movable detlection devices (or units) approach desired
movements, respectively, and

[0052] exerting the respective torque onto the associated
winches in order to let the current resulting force on the
user (or node) approach the (currently) desired resulting
force, to let the current position of the user (or node)
approach a (currently) desired position of the user (or
node), and/or to let the movable detlection devices (or
unmits) approach certain desired movements, respec-
tively.

[0053] Preferably, the deflection devices are grouped 1n
pairs (or may comprise even more deflection devices),
wherein the deflection devices of each pair are designed to be
displaced together (1.e. maintaining a constant distance with
respect to each other while being passively displaced), which
pairs are denoted as deflection units. Particularly at least two
ropes are provided that are detlected by a first deflection unit
that may be displaceable as a function of the rope forces 1n the
deflected ropes along a first direction (x-direction). Prefer-
ably, four ropes are provided, wherein the first and the second
rope are deflected by the first deflection unit and the third and
fourth rope are detflected by a second deflection unit being
passively displaceable along the first direction (parallel to the
first deflection unat).

[0054] Particularly, said current state 1s defined by the
lengths of the ropes being unwound from the respective
winch and the position(s) of the detlection unit(s) along the
first direction.

[0055] Furthermore, the current torques for the winches are
preferably calculated either directly based on the current error
(e.g. difference) between a desired resulting force on the user
and the current resulting force on the user, or indirectly, by
controlling the individual rope forces or winch positions (e.g.
lengths of the portions of the ropes being unwound from the
respective winch) in a control loop denoted as mnner control
loop or 1mner loop (see also the corresponding description
above). In the latter case, the desired rope force for each of the
ropes 1s preferably determined from a desired static equilib-
rium, where
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[0056] there 1s force equilibrium on the node,
[0057] there 1s force equilibrium on the deflection unit
(s), and
[0058] the deflection units both reside in the same posi-
tion along the first direction (in case there are a two or
more deflection units).
[0059] Here, the controlling unit 1s preferably designed to
control the drive units (command torques to the drive units)
such that the current rope forces approach the calculated
desired rope forces.
[0060] In case of direct control of the force on the user, the
method according to the invention may provide for applying
a pre-defined torque to a plurality of the winches at the same
time, particularly 1n order to let the current resulting force F
on the user approach the desired resulting force F , . on the
user faster.
[0061] Particularly, 1n an embodiment of the present inven-
tion, the torques u (applied to the individual winches) may be
determined according to

U=, gost K (FR ges— I p)Filg

as already discussed above, where I, .- are the desired rope
forces (references), F, are the current rope forces, K 1s a
matrix containing feedback gains and u,1s an optional addi-
tional term (being zero 1n static conditions of the apparatus)
by means of which a pre-defined torque can be applied to a
plurality of the winches at the same time, so as to achieve the
control goal as fast as possible in dynamic situations (e.g. fast
movements of the node/user).

[0062] According to a further embodiment, based on e.g.
the current operation mode and e.g. current sensor informa-
tion, the controlling unit may generally be designed to deter-
mine a desired force F , _ that should act on the user, or a
desired position of the node. For example, the desired force
could be a constant unloading force 1n vertical direction that
1s rendered as long as the user does not fall. When a fall 1s
detected (based on current sensor information), the desired
force 1s calculated such that it compliantly catches the user
and stops the fall. In another example, the force could be a
cguiding force that helps the user follow a particular move-
ment pattern (like a force that pulls the user forward 1n walk-
ing direction), or it could be a perturbing or resisting force that
makes a motor task more difficult for the user. The desired
force or position of the node can also be commanded by a
human operator of the apparatus, e.g. by means of a software
interface or a remote control unit.

[0063] In yet another embodiment, said torques are prefer-
ably calculated 1n function of an error between the desired
force F .. and the current force F on the user and/or 1n func-
tion of an error between said desired and current movements
of the detlection units (35, 36), particularly via a propor-
tional-integral controller, wherein particularly said function
1s defined by the equations:

JF o= F g A Kpt K/ S) (4o~ ),

P F ki {AX T,des‘m 7)

where the matrix J 1s the 3x4 Jacobian that describes the
current geometric relation between rope forces and node
force vector, F 1s current force on the user, and F ;-1s the vector
of winch forces I, being proportional to said torques u. K,
and K, are matrices containing proportional and integral
gains, respectively, s 1s the Laplace operator, r' 1s a vector that
describes the geometric relation between rope forces and
torces that produce displacement of the deflection units, Ax
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1s the relative displacement of the deflection units with
respect to each other, Ax;. ;.. 1s the desired relative displace-
ment of trolleys, and k- 1s a scalar proportional control gain.
[0064] Regarding controlling it 1s also referred to the cor-
responding descriptions above. It 1s to be noted that the use of
the apparatus as described herein 1s not limited to medical
uses, but may also be employed 1n any other field of trans-
portation and unloading of objects, particularly 1n the field of
construction.

[0065] Further features and advantages of the nvention
shall be described by means of a detailled description of
embodiments with reference to the Figures, wherein

[0066] FIG. 1 shows an exemplary support frame of an
apparatus according to the invention;

[0067] FIG. 2 shows a perspective view of the ropes, drive
units, deflection units and the moveable signal processing
unit;

[0068] FIG. 3 shows a perspective view of a drive unit
according to FIG. 2;

[0069] FIG. 4 aperspective view of the spring elements, the
rope force sensors, the node and the bail of the apparatus
according to the mvention;

[0070] FIG. 5 a perspective view of a deflection device
(unit) of the apparatus according to the invention;

[0071] FIG. 6 a closer perspective view of the spring ele-
ments, the node, the rope force sensors and the bail of the
apparatus according to the invention,

[0072] FIG. 7 a schematical, perspective view of the appa-
ratus according to the mnvention when used by a user;

[0073] FIG. 8 a schematical perspective view of an arrest-
ing means for arresting a deflection device of the apparatus
according to the invention; and

[0074] FIG. 9 another perspective view of an apparatus
according to the mvention.

[0075] FIG. 1 shows in conjunction with FIGS. 2 to 8 an
apparatus 1 according to the invention for guidedly unloading
auser 2 upon a physical activity (e.g. gait training as shown 1n
FIG. 7).

[0076] The apparatus 1 comprises a suitable support struc-
ture (e.g. support frame) 10 having an upper frame part 100
being supported by a plurality of vertically extending leg
members 101, such that the leg members 101 confine (to-
gether with the upper frame part 100) a three-dimensional
working space 3, 1in which the user 4 can move along the
horizontal x-y-plane (as well as vertically 1n case correspond-
ing objects, e.g. inclined surfaces, staircases etc., are provided
in the working space 3). Alternatively, a ceiling of aroom can
be used as a support structure. Said working space 3 then
extends below said ceiling.

[0077] The upper frame part 100 1s formed by two parallel
longitudinal members 102 extending along the x-direction
and five parallel cross members 103 extending along the
y-direction and connecting the two longitudinal members
102. The longitudinal and cross members 102, 103 span the
horizontally extending upper frame part 100.

[0078] A first and a second guiding rail 21, 22 are attached
to the support structure 10 (e.g. to the upper frame part 100),
wherein the two guide rails 21, 22 each extend along a respec-
tive longitudinal axis L, L. The first guide rail 21 1s designed
to slidably support a first and a second deflection device 31,
32 as shown 1n FIG. 2, whereas the second guide rail 22 1s
designed to slidably support a third and a fourth deflection
device 33, 34. Here, the first and the second 31, 32 as well as
the third and the fourth deflection device 33, 34 are connected
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by a rigid connecting means 350, 360 so that the two pairs of
deflection devices 31, 32, 33, 34 each form a deflection unit
(trolley) 35, 36, which can slide along the respective guide rail
21, 22. Preferably, the guide rails 21, 22 are pivoted by an
angle W=45° C. as shown 1n FIG. 5.

[0079] As imndicated in FIG. 8, each detlection device 31,
32, 33, 34 may be arrested with respect to the associated guide
rail 21, 22 by means of an arresting element C. Such an
clement C can be a separate element providing a stop for a
deflectiondevice 31, 32, 33, 34 but may also be integrated into
a deflection device 31, 32, 33, 34 and may be designed to
clamp the respective detlection device 31, 32, 33, 34 to the
respective guide rail 21, 22. Particularly, arrested deflection
devices 31, 32, 33, 34 may be used when the apparatus 1 1s
used with a treadmull.

[0080] Each deflection unit 35, 36 1s configured to deflect
two ropes 41, 42, 43, 44 as shown 1n FIG. 2, for instance. The
individual ropes 41, 42, 43, 44 each extend from a drive unit
510, 520, 530, 540 comprising a winch 311, 521, 531, 541,
respectively, on which the respective rope 41, 42, 43, 44 15
wound, to an associated deflection device 31, 32, 33, 34 of the
respective deflection unit 35, 36. From the deflection devices
31, 32, 33, 34 the ropes 41, 42, 43, 44 extend towards a node
60, to which a first free end of each rope 41, 42, 43, 44 1s

connected via a spring element 71, 72, 73, 74 as shown 1n
FIGS. 2, 4 and 6 {or instance.

[0081] The mounting positions D of the individual drive
units 510, 520, 530, 540 are indicated 1n FIG. 1. Each deflec-
tion unit 35, 36 1s associated to two drive units 510, 520; 530,
540, which are positioned on either side of the respective
guide rail 21, 22 along the respective longitudinal axis L, L'.

[0082] In FIG. 5 asingle deflection device 34 1s shown (the
others are constructed analogously), wherein the connecting
clement 360 connecting said device 34 to its neighboring
counterpart (not shown) 1s indicated by dashed lines. The
deflection device 34 comprises a base 340 that slidably
engages with the respective guide rail 22 so as to allow for
sliding the base 340 along the guide rail 22. A u-shaped arm
341 1s pivotably hinged to two protruding regions 342, 343 of
the base 340 such that the arm 341 can be pivoted about a
pvoting axis A running along the x-direction (longitudinal
axis L"). The arm 341 serves for bearing a deflection element
344 1n the form of a roller being rotatable about a rotation axis
A', around which roller 344 the respective rope 44 1s laid for
deflecting the latter.

[0083] In detail, as shown 1n FIG. 3, each drive umt 510,
520, 530, 540 comprises an actuator (servo motor) 512, 522,
532, 542 being connected via a (tlexible) coupling 53 to a
drive axis 55 of a winch 511, 521, 531, 541, on which the
respectiverope 41, 42, 43, 44 1s wound. The respective winch
511, 521, 531, 541 and the respective actuator 512, 522, 532,
542 are mounted on a common platform 50, wherein two
retaining elements 51, 52 protrude from the platform 30, on
which elements 51, 52 the respective winch 511, 521, 531,
541 1s rotatably supported. Further, the respective drive unit
510, 520, 530, 540 comprises at least one pressure roller 54
for pressing the respective rope 41, 42, 43, 44 against the
associated winch 511, 521, 531, 541 so that the respective
rope 41, 42, 43, 44 can be reeled an unreeled 1n a defined
mannet.

[0084] The drive units 510, 520, 530, 540 interact with a

sensor means (that may consist of several individual sensors,
see above) that 1s adapted to provide output signals that rep-
resent (or can be transformed into) the length s of (a portion
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of) the respective rope 41, 42, 43, 44 that 1s currently
unwound from the respective winch 511, 521, 531, 541, the
position s, of the deflection units 35, 36 along the x-direction
(1.e. along the respective guide rail 21, 22), as well as the
position n of the node 60 (user 4).

[0085] Asshown in FIG. 6, the ropes 41, 42, 43, 44 meet at
the node 60, to which they are coupled via a spring element
71,72, 73, 74, respectively. In order to be able to detect the
rope forces F, (c.1. FIG. 7) currently acting along the ropes
41,42, 43, 44 onto the node 60 and thus onto the user 4, four
rope force sensors 710, 720, 730, 740 1n the form of cable-
extension transducers are provided on the node 60, wherein
the respective measuring cable 711, 721, 731, 741 of the
respective transducer 710, 720, 730, 740 1s Connected to the
first free end 41a, 42a, 43a, 44a of the respective rope 41, 42,
43, 44 (erther dlrectly or via connection element connecting
the respective spring element 71,72, 73, 74 to the first free end
d1a,42a,43a,44a of the respective rope 41,42, 43, 44) while
the corresponding potentiometer 712, 722, 732, 742 1s
coupled to (an upper member of) the node 60. In case a spring
clement 71, 72, 73, 74 1s elongated, the corresponding mea-
suring cable 711, 721, 731, 741 1s drawn out and the trans-
ducer (potentiometer) 710, 720, 730, 740 generates an output
signal corresponding to the drawn-out length of the measur-
ing cable 711, 721, 731, 741 corresponding to the rope force
F, currently acting on the respective rope 41, 42, 43, 44 (and
thereby elongating the respective spring element 71, 72, 73,
74). However, any other conceivable force sensor may be
applied as well for determining the rope forces. Further, dedi-
cated force sensors in/on the ropes 41, 42, 43, 44 can be
omitted. Instead sensors for sensing the electrical current of
the winch actuators 512, 522, 532, 542 can be used 1n order to
estimate the respective winch torque. Such a sensor may be
associated to each drive unmit/winch 510, 520, 530, 540. Fur-
ther, force sensors 710, 720, 730, 740 may be cmltted 1n case
the connecting elements are elastic, since then the rope forces
can be determined from the pcsiticn of the deflection devices
31.32. 33. 34 along the guide rails 21, 22. Also 1n the case of
non-elastic connections, at least components of the node
force may be calculated from the positions of the deflection
units (in the example embodiment, the node force component
in X direction can be calculated purely based on positions of
the trolleys, under the assumption that the trolleys have neg-
ligible dynamics such as mass and friction).

[0086] Further, the node 60 comprises—with respect to an
operating state of the apparatus 1—an upper node member
61, which 1s connected to the cable-extension transducers
710, 720, 730, 740, and a lower node member 62 being
rotatably supported on the upper node member 61, so that a
horizontally extending bail 80 being coupled to the lower
node member 62 can be rotated about a vertical axis z.

[0087] The node 60 may comprise an acceleration sensor
90 as well as a gyroscope 91 and a potentiometer 92 for
sensing the acceleration of the node 60 along three orthogonal
axes (for instance X, y and z), for sensing the angular velocity
of the node 60 and for sensing a rotation angle of the bail 80
about said vertical axis z with respect to the upper node
member 61. Further, the node may comprise a magnetometer
190 for sensing orientation of about the three axes. The accel-
eration sensor 90, the gyroscope 91, and the magnetometer
190 may be integrated into an integrated measuring unit
(IMU) 290 providing digital output signals of the respective
SEeNnsor.
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[0088] Corresponding output signals representing these
quantities (or quantities that can be used to determine the
desired quantities) are transmitted—together with the output
signals from the rope force sensors 710, 720, 730, 740—wvia a
flexible data line (cable) 93 extending from the node 60 to a
movable signal processing umt 94 as shown in FIG. 2. The

signal processing unit 94 1s slidably supported on one of the
guide rails 21, 22.

[0089] The signal processing unit 94 can be driven by a
turther drive unit, wherein preferably the movement of the
signal processing unit (also called signal box) 94 1s controlled
by a controlling unit (not shown), to which the signal pro-
cessing unit 94 1s connected so that the controlling unitis able
to use the output signals transmitted by the signal processing
unit 94 for controlling of the apparatus 1. Particularly, the
controlling unit 1s configured to control the movement of the
signal processing unit 94 such that the distance between the
deflection units 35, 36 or node 60 and the signal processing
umt 94 along the x-direction 1s constant. Particularly, the
movement of the signal processing unit 94 along the respec-
tive guide rail 21, 22 (x-direction) 1s controlled such by the
controlling unit that the signal processing unit i1s always
arranged behind the node 60 (user 4) with respect to the
current walking direction of the user 4.

[0090] As shownin FIG. 7, the bail 80 1s used for holding a
harness 95 which 1s to be put on by the user 4. The harness 95
then supports the user 4 via two connection elements 96, 97
that are engaged with corresponding receptacles 81, 82
formed on the free ends of the bail 80, and via the node 60 to
which the bail 80 15 coupled.

[0091] Concerning control of the current resulting force F
that 1s exerted onto the node 60, there are many ways 1n
classical control theory how to approach tracking problems
for nonlinear systems as the present one. For example, the
system could be linearized and an optimal controller could be
derived. In the following, controlling 1s described without
loss of generality for four ropes, but may also be conducted
analogously for two ropes or any larger number of ropes.

[0092] One 1dea 1s to control said output force vector F
indirectly, by controlling individual rope forces subsumed 1n
the vector F e R * in an inner loop. These rope forces F, are
functions of both the device states s, 1.¢., the lengths s;-of the
unwound (portions of the) ropes 41, 42, 43, 44 (note, that the
individual s ;-of the ropes 41, 42, 43, 44 shown 1n FIG. 7 may
well be different from one another) and the detlection unit’s
35, 36 positions X, and the user position w:

Fp=h(s,w)

[0093] The three-dimensional force vector F acting on the
subject 4 1s given by the sum of the four individual rope force
vectors Fy. Therefore, there would potentially be an infinite
number of solutions for rope force vectors that give the same
resulting force. However, as stated above, the winch forces
(torques) do not only affect rope forces, they also affect
trolley (deflection unit) movement.

[0094] This can be used to formulate two additional control
goals, which are a) to find a solution that 1s also valid in static
conditions (Then, the sum of forces acting on the trolleys 35,
36 will be 1n equilibrium, and the position can be held), and b)
to have the trolleys 35, 36 move 1n a similar way, so that they
are always at the same position x (c.1. FIG. 7). For example, 1f
a purely vertical force 1s desired and the person 4 1s standing
in the middle between the two linear guide rails 21, 22, the
trolleys 35, 36 should be positioned such that the person 4
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stands below the center of a square spanned by the pulleys
(deflection devices) 31, 32, 33, 34.

[0095] The first goal can be formulated mathematically by
requiring that in static conditions, where all speeds and accel-
erations are zero,

ds 3/ dt=0,d25 3/ d2=0,dx 1/dt=0,d% /d12=0,dw/dt=0),
Pw/drP=0,

the correct force 1s applied on the user (object) 4, 1.e. the
current resulting force (output force) F of the controlling unit
(controller) matches the desired resulting force F ;. meaning
equation F=F ,__1s fulfilled. The requirement 1s found by force
equilibrium on the two trolleys 35, 36.

[0096] Insummary, this yields 3 equations from force equi-
librium on the node 60, turther 2 equations from force equi-
librium on the two trolleys 35, 36 1n x-direction, and one
equation commanding the two trolleys 35, 36 to be at the same
position X 1n X-direction. These 6 equations can be used to
find the four desired rope forces by ;.. and the two trolley
positions.

[0097] Appropriate measures (for example saturations) can
be taken to make sure the ropes 41, 42, 43, 44 always remain
in tension.

[0098] The desired rope forces F, can then be used as a
reference for the individual feedback loops for each winch
511, 521, 531, 541.

[0099] For example, the control law could be
U=I(FR gos KL R gos—ER) ) Fil g5

with F ... being the calculated desired (reterence) rope
forces, 1 the transmission ratio of the actuator-winch unit
(drive unit) 510, 520, 530, 540, K € R *** being a positive
definite rope force feedback matrix containing feedback
gains, and u, denoting potential additional terms that go to
zero 1n static conditions. The first two terms will ensure that
the system asymptotically approaches the desired forces on
the person 4, at least when the person 4 stands still.

[0100] In order to make the system react fast 1n dynamic
conditions, the terms ucan be used. One possibility 1s to use
a type of “synergy control”, where actuators 512, 522 532,
542 work 1n groups. For example, using a diagonal feedback
matrix K € R **?, a virtual input vector u* in Cartesian space
can be generated:

H$:KC(FJES_F)E R ?

[0101] This three-dimensional vector u* then needs to be
mapped to the four winch torques u by a function p:

u=p(u™).

[0102] Similar to human muscles, this function could
encode synergies, which lump actuators 512, 522, 532, 542
into functional groups.

[0103] For example, if the force component acting on the
user 4 1n vertical direction z 1s too low compared to the
reference, so u*_>0, all four winches 511, 521,532, 541 could
be pulling equally, which means that the vertical component
u*_ would simply be commanded to all winches 511, 521,
532, 541 equally. The component 1n x-direction, which 1s
parallel to the guide rails 21, 22, could be distributed such that
the winches on one side (depending on the sign, these could
be 511 and 531, ci. FIG. 2) act as a pair and both pull equally,
whereas the opposite pair 521, 541 does not produce addi-
tional torques. Necessary corrections in the direction
orthogonal to the guide rails 21, 22 could be distributed 1n an
analog manner, with either the winch pair 511, 521 or 531,
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541 pulling, depending on the sign. This type of control law
leads to a fast correction of the forces acting on the user
(object) 4, and 1t also accelerates the movement of the passive
trolleys 35, 36 towards their “1deal” asymptotic positions. In
static conditions, this part of the controller will not generate
any torques u.

[0104] According to another embodiment illustrated 1n
FIG. 9 In the chosen right-handed Cartesian coordinate sys-
tem,z points upward and X points forward 1n the default gait
direction, parallel to the guide rails 21, 22. As the joints in the
node 60 ensure that only forces are transmitted, the harness
can be represented by a single cable that connects the node to
a specific point w:(wx,wy,wZ)T on the human (ct. FIG. 7).

[0105] A state vector 1s assembled that describes the cur-
rent positions and velocities of the device components. Given
the current position vector w of the human, the configuration
1s fully described by be the length of ropes that have been

released from each winch 511, 521, 531, 541 subsumed in the
vector s € R *:

S (S5 55 :52) " (1)

and by the positions of the deflection units 35, 36, subsumed
in the vector x,€ R ~:

%T:(%T,ﬂﬁ?%ﬂcd) T‘ (2)

[0106] The state vector se R ' contains these variables and
their dervatives:

s=(sp %' S WT)%TT)T (3)
[0107] We now assume that the force vector F, on the user
“n” stand for the node; the force vector 1s also denoted
shortly F) acting on the user 4 1s to be controlled while the user
moves. Node position 1s n:(nx,,ny,,nz)T .Cable (1.e. rope) forces

are subsumed in the vector F e R R (note, that the rope forces
are also denoted as F) with

F=(FFFFa) (4)
and the Cartesian force vector F,e R  on the user 4 is

Fo=(F ol F)’ (35)
[0108] Force equilibrium on the node 60 maps cable forces
to forces F, acting on the user 4:

F, =K p)E,- (6)
[0109] The mapping J can be computed 1n an efficient way

by first summing the rope forces within the two planes
spanned by the ropes, via the matrix R, to obtain the x com-
ponent and the force components F_, and F_ ., and then con-
verting these to Cartesian space via the matrix S:

1 0 (7)
=t )
0 S
with
. ( —COSYap COSQ.4 ] (8)
B Sin‘:ﬂab Siﬂ(:ﬂt:d ,
(COSY, —COSY, COSQY. —COSY ) (9)
R=| sing, sing, 0 0
. 0 0 SINY.  SINY,
[0110] Current detlection unit 35, 36 positions X, and the

node position n define the angles 1n these matrices.
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[0111] The movement of the deflection units 35, 36 1s gov-
erned by the equations of motion:
m &% =TF, (10)
with
- cosg, —1 1 —cosy, (11)
- (CGS% —1 1 —cosyy, ]
[0112] The equations of motion for the winches 511, 521,
531, 541 are given by:
MypS =1 = gy (12)
[0113] with the winch actuator forces F,. (e.g. the

torques multiplied by a transmission ratio 1). The rope
forces are a linear function of the spring detlections of

the springs 71, 72, 73, 74 (ci. FI1G. 6):
I =Cp(=sy+ Gy 1) (13)

with the matrix

1 0 ) (14)

0 =1

[0114] and the vector 1 containing the distances from the
four deflection devices 31, 32, 33, 34 to the node 60 (vectorn).
To avoid offsets 1n these equations, the rope lengths s ;- are
defined appropnately.

[0115] Even without force sensors, 1t 1s still possible to
implicitly measure the force in x direction, by means of
deflection device 31, 32, 33, 34 positions. Assuming that the
mass of the detlection devices 31, 32, 33, 34 1s negligible,
their positions are determined by the components of the cable
forces acting 1n x direction: Static equilibrium on the detlec-
tion device 31, 32, 33, 34 1s given by setting (10) to zero.
Combined with (6), the force in x direction 1s then given by:

F. = (15)

F COSYp — COSY, F
7 . . . + C
b SINY, — SIN(WYg + Yp) + S1NYp d

COSYy — COSY

S1NY. — SIN(QYe + Y4) + S1INYy

[0116] These angles are calculated based on geometry only
(rope lengths, deflection device positions). To keep the esti-
mation robust, I, and F_ , are taken preterably as the desired,
not the actual values, even 1t force sensors are available.

[0117] Now, an 1deal controller would command actuator
torques u, so that the outputs match the desired force vector
F that acts on the subject (also denoted as user) 4:

1, des

|
Fn = Fn,d’es? (1 6)

regardless of the movement of the subject 4. Preferably, a
torce controller (provided by the controlling unit) i1s used 1n
Cartesian space, which commands a Cartesian force vector
CFfC that 1s to be realized by the winches. This force 1s calcu-
lated by PI (proportional-intergral) control and feedforward
of the reference:

Nov. 12, 2015

Ky (17)
CFf‘? — FH,dES + (KP + ?)(Fﬂ,dfj - Fn)a

with s being the Laplace operator, K » being a positive definite
matrix of proportional gains, and K, being a positive definite
matrix of integral gains.

[0118] Cartesian forces need to be mapped to winch forces
F .., which 1s the mnverse problem of (6). Given that there are
four winch forces and only three node force components,
there are multiple solutions to (6) with a given node force. IT
the detlection devices 31, 32, 33, 34 were not movable, qua-
dratic programming could be used to find the minimal cable
forces that fulfill the constraints. However, in the current
system, the rope forces do not only influence the output force
vector, but they also influence the movement of the deflection
devices 31, 32, 33, 34, according to (10). In turn, the position
of the detlection devices 31, 32, 33, 34 defines the polygon of
applicable forces.

[0119] Therefore, instead of minimizing rope forces, one
may take detlection device dynamics into account to solve the
rank deficiency 1n the inverse mapping of (6). The idea 1s that
rope forces are applied in such a way that the detlection
devices 31, 32, 32, 34 stay together, leading to a polygon with
rectangular base. This behavior 1s enforced by the law:

M1 tas=Kord) = ~KEK =X (18)
with the positive constant.
[0120] With (10), this yields
F (1-cos @,)-f(1-cos ¢,)-F(1-cos ¢_ )+ (1-cos
¢4) ; KX 1ab=% T cd)

[0121] Using this additional constraint on the forces, the
control law maps desired forces i Cartesian space to winch
forces, such that they work 1n synergy:

) (20)
C Fr

({1 0
F,=R"' (0 S

KT (XTab — XTcd) )

with the desired reference force 1n Cartesian space F and

the modified mapping matrix

(R (21)
#l)

n,des

With
10122]
r''=(1-cos ¢, cos ¢,—1 cos ¢.—1 1-cos §,). (22)

[0123] Inthe above, one may calculate the force in x direc-
tion as a linear combination (for example the mean value) of
spring-based measurement and deflection device-based mea-
surement.

1. An apparatus, particularly for unloading a user’s body
weilght during a physical activity of said user, particularly for
gait training of said user, comprising:

a plurality of ropes, wherein each rope extends from an

associated drive unit to an associated deflection device,
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1s deflected by the latter, and then extends to a first free
end of the respective rope, wherein the deflection
devices are designed to be displaced by forces imnduced
into the deflection devices via the ropes, and

a node being coupled to said first free ends and being

designed to be coupled to a user, wherein the drive units
are designed to retract and release the respective rope so
as to adjust a current rope force (Fy ) along the respective
rope, which current rope forces (F ) add up to a current
resulting force (F) exerted on said user (4) via said node
in order to unload the user and/or to exert a force on the
user 1n a horizontal plane, particularly upon said physi-
cal activity.

2. The apparatus according to claim 1, characterized in that
the apparatus comprises a plurality of force sensors for deter-
mining the current rope torces (F ).

3. The apparatus according to claim 1, characterized in that
cach of the ropes interacts with an associated rope force
sensor for determining the current rope forces (F), wherein
particularly the rope force sensors are arranged at the node
(60), wherein particularly each rope 1s connected to the node
(60) via an associated spring element, wherein particularly
the respective rope force sensor measures the length of the
spring element corresponding to the respective current rope
torce (F), wherein particularly the respective rope force
sensor 1s formed by a cable-extension transducer comprising
a measuring cable wound on a cylinder coupled to a shaft of
a rotational sensor, wherein particularly the rotational sensor
1s connected to the node and wherein particularly the mea-
suring cable 1s connected to the first free end of the respective
rope being connected to the respective spring element.

4. The apparatus according to claim 1, characterized in that
the apparatus comprises a controlling unit being designed to
control said drive units, 1n order to adjust said current result-
ing force (F), wherein the controlling unit 1s designed to
control the drive units such that the current resulting force (F)
approaches a desired force (F ) or that the current position
of the node approaches a desired position of the node.

5. The apparatus according to claim 1, characterized in that
the apparatus comprises at least a first and a second rope,
particularly also a third and a fourth rope, wherein

the first rope extends from its associated drive unmit towards

a first detlection device, 1s deflected by the first detlec-
tion device and then extends towards the node,

the second rope extends from 1ts associated drive unit

towards a second detlection device, 1s detlected by the
second deflection device and then extends towards the
node,

particularly the third rope extends from 1ts associated drive

unit towards a third deflection device, 1s deflected by the
third deflection device and then extends towards the
node, and

particularly the fourth rope extends from its associated

drive unit towards a fourth deflection device, 1s deflected
by the fourth deflection device and then extends towards
the node.

6. The apparatus according to claim 1, characterized in that
the deflection devices are designed to be suspended, particu-
larly from a support frame or from a ceiling of a room.

7. The apparatus according to claim 1, characterized in that
the apparatus comprises at least a first guide rail running
along a longitudinal axis that extends horizontally, wherein
particularly the apparatus also comprises a second guide rail
running along a longitudinal axis that extends horizontally,

10
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wherein particularly each of the two guide rails 1s designed to
be connected to a support structure, particularly to a support
frame of the apparatus or to a ceiling of a room, and wherein
particularly the two guide rails run parallel with respect to
cach other, wherein particularly each guide rail 1s tilted about
its longitudinal axis (L, L'), particularly by an angle of 45°.

8. The apparatus according to claim 3, characterized 1n that
the first and the second deflection device are slidably con-
nected to the first guide rail, so that they can slide along the
first guide rail along the longitudinal axis of the first guide
rail, and wherein particularly the third and the fourth deflec-
tion device are slidably connected to the second guide rail, so
that they can slide along the second guide rail along the
longitudinal axis of the second guide rail, wherein particu-
larly the deflection devices each comprise a base via which
the respective deflection device 1s slidably connected to the
associated guide rail, and wherein particularly each detlec-
tion device comprises an arm hinged to the base of the respec-
tive detlection device so that the respective arm can be pivoted
with respect to the respective base about a pivoting axis
running parallel to the longitudinal axis of the respective
guide rail, and wherein particularly the deflection devices
cach comprise a deflection element connected to the respec-
tive arm, around which deflection element the respective rope
1s laid for deflecting said rope, and wherein particularly the
deflection element 1s a roller that 1s rotatably connected to the
respective arm, and wherein particularly an arresting means 1s
provided for each deflection device for arresting the respec-
tive detlection device with respect to the associated guide rail.

9. The apparatus according to claim 5, characterized in that
the first and second deflection device are connected by a
connecting element so as to form a first deflection unit, and
wherein particularly the third and the fourth deflection device
are connected by a connecting element so as to form a second
deflection unit, wherein particularly said connecting ele-
ments are elastic or ielastic, wherein particularly said con-
necting elements comprise the same length, particularly in the
absence of rope forces 1n the case of an elastic connecting
clement, along the longitudinal axis of the respective guide
rail, and wherein particularly the connecting elements are
releasably connected to the respective detlection devices,
wherein particularly the respective connecting element 1s a
rope member, a rigid rod, or a spring, and wherein particularly
the first deflection unit 1s arranged along the longitudinal axis
of the first guide rail between the drive unmit of the first rope
and the drive unit of the second rope, and wherein particularly
the second deflection unit 1s arranged along the longitudinal
ax1s of the second guide rail between the drive unit of the third
rope and the drive umit of the fourth rope.

10. The apparatus according to claim 1, characterized in
that the drive units each comprise an actuator (512, 522, 532,
542) being connected to a winch, particularly via a flexible
coupling, around which winch the respective rope 1s wound,
wherein the respective actuator 1s designed to exert a torque
on the respective winch so as to retract or release the respec-
tive rope, wherein particularly the respective drive unit may
comprise a brake for arresting the respective winch, and
wherein particularly the respective drive unit comprises at
least one pressing member, particularly a pressure roller
being configured to press the respective rope being wound
around the respective winch against the respective winch,
particularly so as to prevent the respective rope from jumping
ofl the associated winch or over a thread.

Aretech LLC - Exhibit 1036, Page 00016



Page 00017

US 2015/0320632 Al

11. Apparatus according to claim 1, characterized in that
the apparatus comprises a sensor means for determiming a
current state (s) of the apparatus and/or the position (w) of the
user, wherein said current state 1s particularly defined by the
lengths (s;;,) of the ropes being unwound from the respective
winch and the positions (s.) of the detlection units along the
respective guide rail.

12. Apparatus according to claim 1, characterized in that
the controlling unit 1s designed to control the drive units,
particularly the torque (u) exerted by the respective actuator
onto the respective winch or a quantity proportional to the
respective torque such that a current force (F) on the user
approaches a desired force (F , ) on the user, wherein par-
ticularly the controlling unit 1s configured to control said
torques to influence the current force (F) such that 1t
approaches a desired force (F_ ) and/or to control said
torques to intluence the movements of the moveable deflec-
tion units such that they approach a desired movement,
respectively, wherein particularly the desired movements of
the deflection units are defined such that the relative displace-
ment between the two deflection units approaches zero, and
wherein particularly the controlling unit 1s configured to cal-
culate said torques (u=1F;,) 1n function of an error between
the desired force (F , ) and the current force (F) on the user
and/or 1n function of an error between said desired and current
movements of the deflection units, particularly via a propor-
tional-integral controller, and wherein particularly said func-
tion 1s defined as:

JE o= 4o H (K ptKp/S) (£ 4o—17), with
F,TFW:;{T(MT,JES_MT):

where the matrix J 1s the 3x4 Jacobian that describes the
current geometric relation between rope forces (F) and the
current force F on the user, and F  1s the vector of winch
forces F ;. being proportional to said torques (u), and wherein
K, and K, are matrices containing proportional and integral
gains, respectively, and wherein s 1s the Laplace operator, and
wherein r' 1s a vector that describes the geometric relation
between rope forces (F) and forces that produce displace-
ment of the deflection units, and wherein Ax ;- ;.. 1s the relative
displacement of the deflection units, and wherein k. 1s the
desired relative displacement of the deflection umits, and

wherein k- 1s a scalar proportional control gain.

13. Apparatus according to claim 11, characterized in that
the controlling unit 1s designed to calculate the desired rope
torce (Fz ,..) tor each of the ropes depending on the current
state (s) of the apparatus and the position (w) of the user or a
desired winch position (Sy- 4..), determined with help of the
sensor means, particularly under the condition that

there 1s force equilibrium on the node,

there 1s force equilibrium on the deflection units, and

the deflection units both reside 1n the same position along
the respective guide rail,

wherein the controlling unit 1s designed to control the drive
units, particularly the torque (u) exerted by the respective
actuator onto the respective winch, such that the current rope
torces (F z) approach the respective desired rope force (Fz .0)
or that the current position of the node or user approaches a
desired position of the node or user, wherein particularly the
controlling unit 1s configured to command a pre-defined
torque to a plurality of the drive units at the same time,
particularly i1n order to let the current rope forces (Fy)
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approach the desired rope forces (Fy ,.,) faster, wherein par-
ticularly the controlling umt 1s configured to control the
torques (u) according to

U=I(FR gostHK AL R gos—F R) ) Fii g

with F ;.. being the calculated desired rope forces, 1 being
the transmission ratio of the respective winch, K e R ™
being a positive definite rope force feedback matrix contain-
ing feedback gains, ne N being the number of ropes, and u,
being an optional additional term going to zero 1n static con-
ditions of the apparatus by means of which a pre-defined
torque can be applied to a plurality of the winches at the same
time.

14. Apparatus according to claim 1, characterized 1n that
the apparatus comprises a bail for coupling the node to the
user, wherein said bail 1s rotatably connected to the node, so
that particularly the bail can be rotated about a vertical axis
(z), wherein particularly the bail comprises two opposing free
ends, wherein particularly each of the two free ends com-
prises a receptacle for recetving a connection element for
connecting a harness to the bail, which harness 1s particularly
designed to be attached to the user in order to connect the user
to the node via the bail, wherein said connection elements are
designed to be length adjustable for adapting the apparatus to
the user.

15. Amethod for controlling an apparatus for unloading the
body weight of a user, particularly using an apparatus accord-
ing to at least one of the preceding claims, comprising the
steps of:

calculating torques (u) for a plurality of winches,

exerting the torques (u) onto the winches 1n order to adjust
current rope forces (F) acting along ropes coupled to
the winches, respectively, wherein each rope 1s con-
nected to a node via a first free end of the respective rope,
to which node a user was coupled in beforehand such
that the rope forces (F) add up to a current resulting
force (F) acting on the user via the node, and wherein the
ropes are each deflected by a deflection device, the
deflection devices being displaceable by forces induced
into the deflection devices via the ropes, and

wherein the torques (u) are calculated such that the position
of the node approaches a desired position of the node or
that said current resulting force (F) on the user
approaches a desired force (F ,_ ) on the user and/or such
that the moveable detlection devices approach desired
movements, respectively, when the calculated torques
(u) are exerted onto the winches, wherein particularly a
current state (s) of the apparatus and a current position
(w) of the user 1s determined, and wherein particularly
said torques (u) are calculated depending on said current
state (s) and said current position (w) of the user.

16. The method according to claim 15, characterized in that
the detlection devices pairwise form detlection units, such
that the two detlection devices of a deflection unit are dis-
placeable together, particularly along a first direction (x),
wherein particularly a first and a second rope and an associ-
ated first deflection unit are provided, and wherein particu-
larly also a third and a fourth rope and an associated second
deflection unit are provided, and wherein particularly said
current state (s) 1s particularly defined by the lengths (s;;,) of
the ropes being unwound from the respective winch and the
positions (X ) of said detlection units along the first direction

(X).
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17. The method according to claim 16, characterized in that
said torques (u) are determined by means of an imnner control
loop that receives desired rope forces (Fy ;..) for each of the
ropes or desired lengths (s, ,..) of the portions of the ropes
being unwound from the respective winch, which are particu-
larly determined depending on the current state (s) of the
apparatus and the current position (w) of the user requiring
the condition that
there 1s force equilibrium on the node,
there 1s force equilibrium on the deflection units, and

particularly the deflection units reside 1n the same position

along the first direction (x).

18. The method according to claim 17, characterized in that
a pre-defined torque 1s applied to a plurality of the winches at
the same time, particularly in order to let the current rope
torces (F ) approach the desired rope forces (F .. ) faster,

19. The method according to claim 17, characterized 1n
that, the torques (u) are determined according to

U=IEFR gosHK AL R ges—EFR) ) Fil g

with F .., being the calculated desired rope forces, 1 being
the transmission ratio of the winches, K € R ”*” being a
positive definite rope force feedback matrix containing
feedback gains, ne N being the number of ropes, and u
being an optional additional term going to zero 1n static
conditions of the apparatus.
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20. The method according to claim 17, characterized 1n that
said torques (u=1F ) or quantities proportional to said torques
are calculated 1n function of an error between the desired
torce (F . .) and the current force (F) on the user and/or 1n
function of an error between said desired and current move-
ments of the deflection units, particularly via a proportional-

integral controller, wherein particularly said function is
defined via the system of equations:

JF 5= F 4, A Kp+Ky/$(F 4.~ F),
PITFW:kT(MT,dES_MT):

where the matrix J 1s the 3x4 Jacobian that describes the
current geometric relation between rope forces and the
current force (F) on the user, and F  1s the vector of
winch forces F ;- being Proportional to Said Torques (u),
and K, and K ,are Matrices containing proportional and
integral gains, respectively, s 1s the Laplace operator, r' 1s
a vector that describes the geometric relation between
rope forces and forces that produce displacement of the
deflection units, Ax- 1s the relative displacement of
detlection units, Ax;. .. 1s the desired relative displace-
ment of deflection units, and k- 1s a scalar proportional
control gain.
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