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(57) Abstract: A universal haptic drive system for arm and wrist rehabilitation is described comprising a hand accessory (5) and a
vertical handle (4) for carrying the hand accessory (5), the vertical handle (4) being movable m a transversal plane. It furthermore
comprises a haptic actuator system (2, 3) for applying a force to the vertical handle (4). The vertical handle (4) comprises a univer-
o sal joint with locking ability. When the universal jomnt 1s unlocked, it enables movements for wrist rehabilitation, and when it 1s
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UNIVERSAL HAPTIC DRIVE SYSTEM

BACKGROUND OF THE INVENTION

Technical field

The present invention relates to a universal haptic drive system for arm and

wrist rehabilitation.

Description of related art

Upper extremity function is of paramount importance to carry out various
activities of daily living. Various neurological diseases, most notably stroke,
as well as orthopaedic conditions result in impaired function of manipulating
various objects by reaching, orienting and grasping activities. Reaching or
approaching toward an object is done by shoulder and elbow, orienting of
and object is accomplished by wrist, while grasping and releasing of an

object is carried out by opening and closing a hand.

After an Injury or neurological impairment intensive physiotherapy is
employed through active-assisted targeted movement and exercises aiming
at restoration of sensory-motor planning, reduction of spasticity and
preservation of range of motion to facilitate recovery of the arm and hand
functionality. Numerous clinical studies have shown that a key to successftul
recovery is a sufficient number of repetitions that relate to a practiced task.
Here two Dbasic approaches can be distinguished: complex movement
practice that involves reaching, orienting and grasping activities combined In
a single task and isolated well-defined specific movement training of each
isolated component of upper extremity function. Training specificity
determines also therapy outcome; i.e. reaching exercises activate shoulder

and elbow thus resulting in improvement of transport of the hand toward
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target location; movement of forearm and wrist exercises that serve to orient
the hand and provide stability and control during grasping result In
improvement of wrist function, while grasping and releasing exercises result
in improvement of grasping function. The above outlined movement practice
s facilitated by a physiotherapist that employs verbal communication as well
as physical interaction to guide a trainee to appropriately execute a given

task.

Rehabilitation robotics seems to be particularly well suited for delivery of
mass-practiced movement. It brings precision, accuracy and repeatability and
combined with computer or virtual reality tasks provide stimulating training
environment. Impedance control of rehabilitation robots enables
programmable haptic interaction with the paretic arm and hand. Such a
haptic interaction is needed to Initiate, guide and halt movement depending
on the activity of the user. It has been demonstrated in numerous clinical
studies that these features of rehabilitation robots yield significant

rehabilitation results.

The current state of the art includes haptic robotic solutions that have from
one to three haptic degrees of freedom and were developed for training of
the shoulder and elbow. Examples are MIT-MANUS described in US patent
5,466,213 (Hogan et al.), and ARM Guide and EMUL described in an article
by Krebs et al.,, Robotic rehabilitation therapy, Wiley encyclopaedia of
Biomedical Engineering, John Wiley & Sons, 2006. Other robotic solutions
were developed for wrist, such as BI-MANU-TRACK, described by Hesse et
al., Upper and lower extremity robotic devices for rehabilitation and studying
motor control, Current Opinion in Neurology 2003, 16: 705-710 and MIT wrist
robot described in the earlier cited article by Krebs et al. MIT-MANUS is a
two-degrees-of-freedom, SCARA-type, planar impedance controlled robot
that

enables practicing of reaching movement in horizontal plane by activating
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shoulder and elbow. With MIT-MANUS it Iis not possible to practice
movement

along the vertical axis. EMUL is a three-degrees-of-freedom, PUMA type,
impedance controlled robot that enables practicing reaching movement of the
arm within the whole workspace, including the vertical axis. ARM Guide on
the other hand is a single degree-of-freedom impedance controlled robot that
enables movement of the arm (shoulder and elbow) along the line and can
be

oriented in different directions within the 3D workspace to enable
practicing of reaching movement in different parts of a workspace.
BI-MANU-TRACK is a device that offers active (motor assisted) or passive
training of wrist flexion/extension or (depending on the mechanical
configuration of the device) forearm pro/supination following bi-lateral
approach, meaning that the un-impaired side drives movement of impaired
side

in a mirror-like or parallel fashion. MIT wrist robot 1Is a
three-degrees-of-freedom device that has three impedance controlled axis
that intersect with all three human wrist degrees-of-freedom
(flexion/extension, abduction/adduction and pronation/supination) enabling
simultaneous practicing of wrist orientation movement. The common
denominator for the above devices is that for exhibiting compliant
(impedance controlled) performance the actuated degrees of freedom need
to be back-drivable, meaning that the inherent impedance of actuators must
be low. This necessitates use of direct drive, high torque motors as well as
use of precise position and force sensors. Another drawback of the known
devices is that they provide training environment for only one
component/activity of reaching movement, either reaching movement or wrist

movement.

SUMMARY OF THE INVENTION
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It is an object of the invention to provide a universal haptic drive system that
allows for easy and rapid transformation of a reaching movement

rehabilitation robot into wrist movement rehabilitation robot.

Thereto, according to an aspect of the invention a universal haptic drive
system according to Independent clam 1 Is provided. Favourable

embodiments are defined in dependent claims 2-15.

The universal haptic drive system for arm and wrist rehabilitation according to
an aspect of the present Iinvention comprises a hand accessory, a
substantially vertical handle for carrying the hand accessory, the substantially
vertical handle being movable in a transversal plane and a haptic actuator
system for applying a force to the substantially vertical handle. The
substantially vertical handle comprises a universal joint with locking abillity.
When the universal joint is unlocked, it enables movements for wrist
rehabilitation, and when the universal joint is locked it causes a stiff

substantially vertical handle enabling movements for arm rehabilitation.

In this way, the universal haptic drive system can be easily and rapidly
transformed from reaching movement rehabilitation robot Iinto wrist
movement rehabilitation robot and vice versa, simply by locking and
unlocking the universal joint. Thereto the substantially vertical handle may be

provided with a brace.

Thus, an inexpensive machine is proposed that enables two haptic degrees
of freedom and one passive un-actuated and gravity balanced degree of
freedom that can be used for arm and wrist movement training depending on

the mechanical configuration.

According to an embodiment of the invention, the haptic actuator system

comprises two wire-based actuators each applying a force in a direction
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substantially perpendicular to the substantially vertical rod in its Initial
position, the wire-based actuators each comprising an electric motor and
elastic force transmission means connected in series thereto, for example a
linear spring. According to an embodiment, the wire based actuators each
comprise means for sensing a force exercised by a subject and a position,
such as detection means for detecting the elongation of the linear spring, for
example linear potentiometers. According to a further embodiment the wire-
based actuators further comprise elastic means for regulating the tension of a
recurrent wire, the elastic means for example being a linear spring. According
to a still further embodiment, the wire-based actuators each comprise
directional pulleys for ensuring smooth running of the recurrent wire.
Furthermore, the wire-based actuators may each further comprises a pulley
mounted on the shatft of the electric motor to wind up a wire connected to the

elastic force transmission means.

As a result, readily available and inexpensive DC electric motors with geared
trains may be used to provide adequate force control and haptic behaviour.
The unique mechanical design of the proposed universal haptic drive system
enables deriving information for position and force applied to the robot end-
effecter from measuring the length of the mechanical springs that are placed
between the electric motors and the loading bar or by using a force sensor or
both.

These and other aspects of the invention will be apparent from and

elucidated with reference to the embodiments described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be better understood and Its numerous objects and

advantages will become more apparent to those skilled In the art by
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reference to the following drawings, in conjunction with the accompanying

specification, in which:

Figure 1 shows the major components of the universal haptic drive system
according to an embodiment of the present invention.

Figure 2 shows the haptic wire-driven actuators and the hand accessory
thereof.

Figure 3 shows one of the actuators in detail.

Figure 4 shows the actuator mechanism for both directions.

Figure 5 shows the principle of vertical rod movement in a single direction.
Figure 6 shows the principle of vertical rod movement in both directions.
Figure 7 shows how the wires of both actuators are connected to the vertical
rod.

Figure 8 shows the directional pulley of one of the actuators.

Figure 9 shows the universal haptic drive system when used for wrist
rehabilitation.

Figure 10 shows the universal haptic drive system when used for arm
rehabilitation.

Figure 11 shows the hand accessory fixed to the vertical handle.

Figure 12 shows how the hand grip position can be adjusted according to the
specified task.

Figure 13 shows the universal joint in an unlocked and locked state.

In figure 14 the arm movement training is demonstrated.

In figure 15 the wrist movement training is demonstrated.

Throughout the figures like reference numerals refer to like elements.

DETAILED DESCRIPTION OF THE PRESENT INVENTION

Referring now to the figures, an exemplary embodiment of universal haptic

drive system according to the invention will be described.
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The proposed universal haptic drive system consists of the following major
components: an aluminium frame 1, a haptic actuator system comprising two
haptic wire-driven actuators 2,3 with two electrical motors with a reduction
gear, a substantially vertical handle 4 with a hand accessory 5, an end-
effecter weight balance system 6, a visual display 7, an arm holder 8, where
the subjects 9 put their arm and a chair 10 (a place to sit) as shown in Figure
1. In the context of the present description the term “substantially vertical”
should be understood to include directions with an up till 20 degrees

deviation with respect to the vertical axis.

The actuators 2,3 each consist of an electric motor 2.1,3.1 with gearbox,
pulley 2.2,3.2, linear springs 2.3,2.4,3.3,3.4, a directional pulley 2.5, 3.5, a
linear potentiometer 2.6,3.6 and wires 2.7, 2.8, 2.9, 2.10,3.7,3.8,3.10. On the
shaft of the electrical motors 2.1,3.1 pulleys 2.2,3.2 are mounted to wind up
the wires. The wires 2.10,3.10 fixed to the pulleys 2.2,3.2 are connected via
the linear springs 2.3,3.3 to the base of a vertical rod 1.2. The recurrent wires
2.8,3.8 are lead through the directional pulleys 2.5,3.5 and linear springs
2.4,3.4 back 2.9 to the pulleys 2.2,3.2.

The vertical handle 4 is inserted into the vertical rod 1.2 creating a passive
inear joint 4.1 and the vertical rod 1.2 is inserted into spherical bearing 1.1,
enabling movement in a substantially transversal plane (XZ) with respect to
the vertical handle 4 in its initial position. In the context of the present
description the term “substantially transversal plane” should be understood to
iInclude planes having an up till 20 degrees deviation with respect to the

plane that is perpendicular to the vertical handle in its initial position.

The vertical handle 4 contains a 1 Degree of Freedom (DOF) linear passive
joint 4.1, a 2 DOF universal joint 4.3 with locking ability and a force sensor
4.4 and carries the hand accessory 5. The hand accessory 5 consists of a

grip 5.1 and a hand shield 5.2. It is mounted to the vertical handle 4 with
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adjustable screws 5.3,5.4 as shown in Figure 2 at the right side. The screw
5.3 disables the rotation of the grip 5.1 from its selected position. It should be
noted that the location of the force sensor 4.4 is one possible example. It

could also be placed directly underneath the hand accessory 5.

Figure 3 shows one of the actuators. On the shaft of the electric motor 2.1
with the gearbox a pulley 2.2 is fixed and connected with the vertical rod 1.2
with wires. The wire 2.7 connected to the base of the vertical rod 1.2 on one
side and linear spring 2.3 on the other side is fixed to the pulley 2.2 by wire
2.10. The recurrent wire 2.8 1s lead through the directional pulleys 2.5 and
connected to the linear spring 2.4. The other side of the spring 2.4 is
connected with the wire 2.9 that is winded up to the pulley 2.2. Figure 4
shows the actuator mechanisms for both directions. The actuators 2,3 use
the series elastic actuation principle to apply a force to the vertical rod 1.2

and thereby to the vertical handle 4.

Figure 5A shows the principle of the vertical rod 1.2 movement in a single
direction in spherical bearing 1.1. The wire 2.10 lead through the directional
pulleys 2.5 Is winded up by the electrical motor 2.1 driven pulley 2.2 and
causes an extension of the linear spring 2.3 which is on the other side
connected to the vertical rod 1.2 by the wire 2.7. The consequence IS a
rotation of the vertical rod 1.2 in spherical bearing 1.1. The recurrent wire 2.8
tension is regulated by the other linear spring 2.4 and the recurrent wire 2.9
that is adequately winded off the pulley 2.2. The extension of the linear spring
2.3 IS measured by the linear potentiometer 2.6. Figure 5B shows the Initial

position of the actuator system for single DOF.

In Figure 6A the initial position of the actuators 2,3 for both directions are
shown. Figure 6B shows the situation when both actuators actively cooperate
to enable planar movement of the vertical rod 1.2. The wires 2.7,3.7,2.8,3.8

connected to the vertical rod 1.2 are put together almost in a single point as
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shown in Figure 7. The directional pulleys 2.5,3.5 ensure that the recurrent
wires 2.8,3.8 run smoothly irrespective of the vertical rod 1.2 angle as shown
iIn Figures 8A and 8B.

The vertical handle 4 is inserted into the vertical rod 1.2 creating a passive
inear joint and passive rotational joint in the connection point 4.1. The
vertical handle 4 can be adjusted according to the user application (arm, wrist
rehabilitation). The universal joint 4.3 enables 2 DOF movements, which are
required for wrist rehabilitation as shown in Figure 9. In this case the arm
holder 8 with arm support 8.1 Is Installed In combination with the vertical
handle 4 weight support 6 to compensate for the gravity. The arm
rehabilitation requires a different setup. The universal joint 4.3 is locked with
the brace 4.2, the weight support 6 mechanism is holding the vertical handle
4 and the arm holder 8, but no arm support 8.1 is required. This configuration
iIs shown In Figure 10. At the top of the vertical handle the hand accessory 5
IS mounted. The hand accessory 5 is fixed to the vertical handle 4 with the
screw 5.4, see Figure 11. In this figure it is also shown how the height and
the position of the arm holder 8 can be adjusted by different arm support 8.1

setups.

The hand grip 5.1 position can be adjusted according to the task specified.
When the hand grip 5.1 is rotated to the desired configuration, the position

can be locked by tightening the screw 5.3, as shown in Figures 12 A and 12
B.

Now a functional description of the universal haptic drive system is given.
Figure 1 shows the possible application of the universal haptic drive system
for hand or wrist treatment. According to the application type the aluminum
brace 4.2 unlocks (see Figure 13A) or locks (see Figure 13B) the universal
joint 4.3 on the vertical handle 4. Tightening the screws on the brace 4.2

causes a stiff vertical handle 4 suitable for arm rehabilitation.
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In Figure 14 the arm movement training (for this application the universal joint
4.3 1s locked) Is shown. The subject 9 holds the arm In initial position as
requested by the virtual task 7, therefore no haptic information in terms of
force feedback is provided. When the subject moves the arm backward
(Figure 14B) to carry out the requested task, the universal haptic drive
provides adequate force depending on the virtual task 7. The force applied by
the subject is measured by the force sensor 4.4 installed in the vertical
handle 4. The weight balance system 6 compensates for the gravity. In

Figure 14C the subject moves the arm to the left and in Figure 14D upward.

In Figure 15 the universal joint 4.3 is unlocked, enabling additional degrees of
freedom needed for wrist movement training. Figure 15A (left column) shows
the hand grip 5.1 setup for the wrist flexion/extension (Figure A3) or
pronation/supination (Figure A2), while Figure 15B (right column) shows the
hand grip (5.1) setup for wrist adduction (or ulnar flexion) and abduction (or

radial flexion) (Figure B3) or or pronation/supination (Figure B2).

While the invention has been lllustrated and described in detail in the
drawings and foregoing description, such illustration and description are to be
considered lllustrative or exemplary and not restrictive; the invention is not

imited to the disclosed embodiments.

For example, other ways of implementing the series elastic actuation
principle than the one shown In Figures 3-6 may be envisaged by the skilled

person.

Other variations to the disclosed embodiments can be understood and
effected by those skilled in the art in practicing the claimed invention, from a
study of the drawings, the disclosure, and the appended claims. In the
claims, the word "comprising" does not exclude other elements or steps, and

the indefinite article "a" or "an" does not exclude a plurality. The mere fact
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that certain measures are recited in mutually different dependent claims does
not indicate that a combination of these measured cannot be used to

advantage. Any reference signs in the claims should not be construed as
limiting the scope.



CA 02739950 2011-04-08

01/10 2010 17:535 FAX 915325947 - HERRERO & ASOCIADOS 1010
PCT/EP 2008/063 636 - 01-10-2010

. ANNEX =

12
CLAIMS
1. Universal haptic drive system for. arm and wrist rehabilitation,
characterized in that it comprises:
5 - a hand accessory (5) comprising a hand grip (5.1) which is adjustable

according to a specified task;

- a substantially vertical handle (4) for carrying the hand accessory (5),
the substantially vertical handle (4) being movable in a transversal
blane;

10 - a wire-based haptic actuator system (2,3) having two haptic degrees
of freedom for applying a force to the substantially vertical handle (4);
wherein

- the substantially vertical handle (4) comprises a two degree of
freedom universal joint (4.3) with locking ability; and wherein

15 - the universal joint (4.3) is located in series with the haptic actuator
system (2,3) between a point of actuation by a plurality of wires (2.7,
2.8, 3.7, 3.8),
- when the universal joint (4.3) is unlocked, it enables two degree of
freedom actuated movements for wrist rehabilitation, and
20 - when the universal joint (4.3) is locked it causes a stiff substantially
vertical handle (4) enabling two degree of freedom actuated

movements for arm rehabilitation.

2. System according to claim 1 wherein the substantially vertical handle
25 comprises a brace (4.2) for locking and unlocking the universal joint (4.3).
3. - System according to claim 1 or 2 wherein the hand accessory (5)

comprises a grip (5.1) that may be rotated, a hand shield (5.2) and means
(5.3) for disabling rotation of the grip from the selected position.
30

Suration: 01.10.2010 17:51-12 - 01.10.2010 17-55.42. This page 10 of AMENDED SHEET>01017:55:02
Received at the EPO on Oct 01, 2010 17:55:42. Page 10 of 12
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4, System according to any of the preceding claims wherein the
substantially vertical handle is connected to a substantially venrtical rod (1.2)
by means of a linear passive joint (4.1) and inserted into a sphencal beanng
(1.1) enabling the movement of the substantially vertical handle in the

5 traversal plane, wherein the haptic actuator system (2,3) actuates on the
substantially vertical rod (1.2).

5. Systemn according to any of the preceding claims wherein the haptic
actuator system (2,3) uses a series elastic actuation principle to apply the
10 force.

b. System according to claim 5 wherein the haptic actuator system
comprises a first wire-based actuator (2) applying a force in a first direction in
a substantially transversal plane to the vertical handle in its initial position,
15 the first wire-based actuator (2) comprising an electric motor (2.1) and elastic
force transmission means (2.3) connected in- senes thereto, for example a

linear spring.

7. System according fo claim 6 wherein the first wire based actuator (2)

20 comprises furthermore means (2.6) for sensing a force exercised by a
subject and a position, the means for sensing the force preferably being
detection means for detecting the elongation of the linear spring (2.3), for
example a linear potentiometer.

25 8. System according to claim 6 or 7 wherein the first wire-based actuator
(2) further comprises elastic means (2.4) for regulating the tension of a

recurrent wire (2.8), the elastic means for example being a linear spring.

9. System according to claim 8 wherein the first wire-based actuator (2)
30 further comprises directional pulleys (2.5) for ensuring smooth running of the

recurrent wire (2.8).

Sration- 01.10.2010 17-51:12 - 01.10.2010 17:55:42. This page 11 of AMENDED SHEET 010 17:55:24
Received at the EPO on Oct 01, 2010 17:55:42. Page 11 of 12
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10. System according to any of claims 6-9 wherein the first wire-based
actuator (2) further comprises a pulley (2.2) mounted on the shaft of the
electric motor (2.1) to wind up a wire (2.10) connected fo the elastic force

5 transmission means (2.3).

11. System according to any of claims 6-10 wherein the haptic actuator
system (2,3) comprises a second wire-based actuator (2) applying a force in

a second direction substantially perpendicular to the first direction.

10
12. System according to claim 11 wherein wires (2.7,2.8,3.7,3.8) of the
first (2) and second wire-based actuator (3) are connected to the vertical rod
in almost a single point.
15 13. System according to any of the preceding claims wherein the vertical
handle (4) comprises force sensing means (4.4).
14. System according to any of the preceding claims further comprising an
arm holder (8) and a weight support (6) connected thereto.
20
15. System according to claim 14 furthermore comprising an arm support
(8.1) with different set-ups thereby adjusting the height of the arm holder (8).
25

Souration: 01.10.2010 17-51-12 - 01.10.2010 17-55.42. This page 12 of AMENDED SHEET301017:55:42
Received at the EPO on Oct 01, 2010 17:55:42. Page 12 of 12
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