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"ROBOTIZED PROPRIOCEPTIVE POSTURAL SYSTEM WITH INTEGRATED
THREE-DIMENSIONAL CAMERA"

DESCRIPTION

The present invention refers to a robotized proprioceptive postural system with
integrated three-dimensional camera, and in particular a system and a method for
evaluating the coordination (balance) of a patient comprising a proprioceptive
sensorized and robotized footboard.

Numerous studies have been carried out regarding the movement of the human
body during the task of maintaining a static or dynamic equilibrium. In particular, as
regards coordination of the body on a mobile platform or proprioceptive footboard,
different models have been identified.

A first model consists in stiffening ankles, knees and hips so that the body
functions as one single rigid segment, hence the name rigid mode pattern or ride
pattern (Buchanan, J. J., & Horak, F. B. (1999), Emergence of postural patterns as a
function of vision and translation frequency, Journal of Neurophysiology, 81(5), 2325-
2339).

A second model is called ankle strategy (also called inverted pendulum model):
using this pattern the patients stabilize their centre of mass by moving their body
around their ankles. A further model is called hip strategy, during which the patients
stabilize their centre of mass by alternately activating their thigh muscles and trunk
muscles, thus using their hips to maintain balance (Horak, F. B., & Nashner, L. M.
(1986), Central programming of postural movements: Adaptation to altered support-
surface configurations, Journal of Neurophysiology, 55(6), 1369-1381).

In a last model, the patients jointly move hips, knees and ankles to maintain

their erect position on an unstable platform (ankle-knee-hip strategy) (Ko, Y.-G.,
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Challis, J. H., & Newell, K. M. (2001), Postural coordination patterns as a function of
dynamics of the support surface, Human Movement Science, 20 (6), 737-764).

Studies conceming the equilibrium of the human body have always focused
their attention on the possible parameters that could be used to better synthesise the
behaviour of a patient in carrying out dynamic balance exercises.

Recent studies have identified as an identification variable the relative COP
(Centre of Pressure) and COM (Centre of Mass) phase, in terms of both
anteroposterior disorders (Ko, J.H., Challis, J. H., & Newell, K. M. (2014), Transition of
COM-CORP relative phase in a dynamic balance task, Human Movement Science, 38,
1-14) and mediolateral disorders (Aviroop Dutt-Mazumder, Karl Newell (2017),
Transitions of postural coordination as a function of frequency of the moving support
platform, Human Movement Science 52 (2017) 24-35).

By analysing the COM of a patient performing balance exercises, we are able
to observe the point corresponding to the mean value of the distribution of the patient’s
mass, while the COP represents the position where the patient’'s support on the
footboard is concentrated. For this reason, the COP — COM combination can be used
to represent the global organization of a patient's postural system during the task
he/she is carrying out.

History has seen a succession of increasingly innovative methods designed to
evaluate a patient during specific equilibrium tests. A first method entailed for example
the use of a force platform, on which a patient was subjected to perturbations by the
therapist. From the force platform it was possible to evaluate the patient's COP
behaviour but unfortunately the perturbations applied with this strategy were difficult to
control since they consisted of pushing actions, making it very complicated to obtain

repeatability between different tests and consequently compare the results obtained.
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For evaluation of the COM, different techniques are used to try to evaluate the
behaviour of the trunk and thus have a more detailed vision of the behaviour of the
kinematic chain of the patient.

One way is to use an inertial sensor located on the trunk. With this method it is
possible, for example, to estimate the flexions and extensions of the trunk on all three
planes (frontal, sagittal and transversal). Unfortunately this method, in addition to being
invasive for the user since it is applied on the body, usually by means of an elastic
band, provides poor indications concerning the behaviour of the upper part of the body,
and furthermore does not provide indications concerning the behaviour of the ankles,
knees and hips.

To better monitor the movements of the upper part of the body,
stereophotogrammetry is often used; the patient wears markers on given parts of the
body and the robotic footboard is positioned inside a work area usually comprising 6
to 10 accurately calibrated cameras. The cameras recognise the markers positioned
on the patient and by crossing the images detected at the same moment by two or
more cameras, the spatial position of the marker can be identified; in this way it is
possible to monitor the movements of the body and try to estimate the COM.
Nevertheless, there are some problems connected with the use of this acquisition
method: a first problem is connected with the markers that are applied on the patient
which, although small, can be a nuisance for the person wearing them; however,
limiting the number of positions in which they are applied also limits reconstruction of
the patient's body during the specific exercises and makes calculation of the COM less
accurate. A second problem concerns the need for considerable time to set up the
system, the fact that the cameras require a purposely calibrated operating area and

that the markers must be accurately positioned on the patient, making evaluation of
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the patient a fairly slow and laborious operation. A further problem is that the
measurement depends on the operator, in fact the markers may be fixed in slightly
different positions by different operators, thus modifying the results obtained. A further
problem with the use of stereophotogrammetry is connected with the type of acquisition
protocol used (e.g. Davis, Helen Hayes, etc.); each protocol entails different joint
calculation methods, therefore different results will be obtained for the same patient.

The object of the present invention is to provide a system comprising a
proprioceptive footboard that allows the COM and COP to be determined and
monitored.

A further object of the present invention is to provide a system that overcomes
the drawbacks of the known art.

In accordance with the present invention, said objects and others are achieved
by a system for evaluating the coordination of a patient comprising: a mobile
proprioceptive footboard, on which said patient is placed; said proprioceptive footboard
comprises force sensors; a 3D detection system that takes a shot of said patient; a
control centre that receives the signals provided by said 3D detection system and by
said force sensors; said control centre calculates the centre of mass and the centre of
pressure of said patient; a screen that displays the trends of said centre of mass and
said centre of pressure of said patient.

Said objects are furthermore achieved by a method for evaluating the
coordination of a patient comprising the steps of. placing a patient on said
proprioceptive footboard; moving said proprioceptive footboard; detecting 3D images
of said patient and sending them to a control centre; measuring the forces applied to
said proprioceptive footboard and sending the data measured to a control centre;

calculating the centre of mass and the centre of pressure of said patient; displaying the
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trends of said centre of mass and the centre of pressure of said patient.

Further characteristics of the invention are described in the dependent claims.

This solution offers various advantages compared to the solutions of the known
art.

The system is formed of a proprioceptive footboard provided with force sensors
able to measure the force applied by the patient on the footboard and two or more
motors able to move the footboard with respect to the anteroposterior and mediolateral
axes, and in any case rotate and translate the footboard until reaching 6 degrees of
freedom.

It further comprises additionally or alternatively a robotic seat with force sensors
able to measure the force applied by the patient on the seat and two or more motors
also in this case which allow the seat to be rotated with respect to the two
anteroposterior and mediolateral axes or the footboard to be rotated and translated.

Lastly, the system comprises a three-dimensional camera able to recognise the
human body and estimate the positions of the body joints and in particular its centre of
mass.

The system focuses on evaluation and training of the equilibrium of both normal-
type patients and patients with an equilibrium deficit.

Using the robotized footboard it is possible to perturb as required the surface on
which the patient rests and simultaneously film him/her with a three-dimensional
camera able to recognize all the body segments and estimate the spatial positions of
the joints, in particular the centre of mass, in order to carry out a complete evaluation
of the patient's balancing capabilities. Furthermore, due to the three-dimensional
camera, the system provides a biofeedback to the patients who can do training

exercises during which they become more aware of the spatial position of their body,
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training and improving their static and dynamic equilibrium capabilities.

The characteristics and advantages of the present invention will be evident from
the following detailed disclosure of a practical embodiment thereof, illustrated by way
of non-limiting example in the attached drawings, in which:

figure 1 shows a system comprising a proprioceptive footboard, seen in
perspective, in accordance with a first embodiment of the present invention,;

figure 2 shows a system comprising a proprioceptive footboard, seen from
above, in accordance with a first embodiment of the present invention;

figure 3 shows a system comprising a proprioceptive footboard, seen in
perspective, in accordance with a second embodiment of the present invention;

figure 4 shows a system comprising a proprioceptive footboard, seen from
above, in accordance with a second embodiment of the present invention;

figures 5a and 5b show a graph of the trend of the COM and COP relative to
two different perturbations of the patient.

Referring to the attached figures, a system for evaluating the coordination
(equilibrium) of a patient, in accordance with a first embodiment that uses load cells as
force sensors and that allows movement of the footboard only on the x and y axes of
the present invention, comprises a substantially rectangular base 10. A frontal vertical
structure 11 rises from one end of the base 10.

The base 10 houses a circular proprioceptive footboard 12, on which a user
stands, surrounded by a safety platform 13, also circular.

The proprioceptive footboard 12 comprises four load cells 14 arranged in a
cross formation and at 45° degrees with respect to the x and y axes of the base 10.

The load cells 14 allow determination of each single force applied to the

proprioceptive footboard 12 and its intensity and the position of the centre of pressure
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(COP) are determined. The centre of pressure is evaluated considering the
measurements taken by each single load cell 14.

In particular, the centre of pressure of the system formed of the four forces
acting on the load cells 14 is calculated.

The distance from the centre of the proprioceptive footboard 12 to the centre
15 of the load cells 14 is called d and typically measures 0.175 m.

The load cells 14 are furthermore positioned at an angle of 45° with respect to
the axes, therefore the distance of the cells from the centre of the footboard is
calculated as ¢ = @ » cosi45S}

The four load cells measure four force values F1, F2, F3, F4 which when added
together correspond to the total force Ft exerted on the footboard.

At this point it is possible to calculate the factoring of the COP on the x and y
axes, through the formulas:

1= F2=F3+4+4)
Ft

L4 F2=F3=F4)
Ft

Cy

[Vl ]

]

Cyv=0s

It is also possible to calculate the arm of the moment applied by the patient on
the footboard rcor and its angle thetacor:

Yeor = SQrH(Cx® 4+ Cv3)
thetaepr = atan2(Cyv, Cx)

In an alternative embodiment, sensors of different types can be used (for
example piezoelectric, optical or optic fibre transducers can be used) and also in
different numbers (three or more), with respect to those used in the embodiment
described.

The proprioceptive footboard 12 is fixed to the base 10 by means of a hinge

positioned in the centre 15 and can be rotated only along the x axis and the y axis by
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means of two motors 16 and 17.

In an alternative embodiment of the present invention, proprioceptive footboards
can be used, produced and moved in a different way from those used in the
embodiment described, for example different types of actuators can be used
(brushless motors, direct current motors, pneumatic actuators, electro-mechanical
actuators) and in variable numbers in order to obtain different movements (inclinations,
rotations and translations).

On the vertical structure 11 at eye level is a system control and display panel
20 which is preferably a touch screen. It allows the display of information but can also
receive input commands. Below the control panel 20 is a 3D detection system 21 for
detecting the user's posture.

The 3D detection system 21 comprises a 3D camera and is able to recognise
the human body and estimate the position of each joint at every moment by means of
body tracking techniques suited to the needs of the present application. An example
of body tracking technique is, for example, SDK Kinect which reconstructs the three-
dimensional scene through an estimate of the depth map and recognises the human
body within the area filmed, dividing it from the background; lastly, it estimates the
spatial position of the body joints of the body detected.

The 3D camera consists of an rgb video camera and an infrared depth sensor,
composed of an infrared laser scanner and a camera sensitive to the laser infrared.
Via this sensor it is possible to obtain an rgb video image and a depth image. Some
3D cameras that can be used in this application are, for example: Kinect One
(Microsoft, Redmond, USA), Astra Pro (Orbbec, Troy, USA), RealSense (Intel, Santa
Clara, USA) and LIPSedge (LIPS, Taipei, Taiwan).

By means of the 3D display, the system 21 also identifies the person’s
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movements which can be seen on the control panel 20.

A control centre (not shown) controls operation of the system, therefore receives
the signals coming from the load cells 12 and from the 3D detection system 21,
performs the necessary operations, drives the control panel 20 and the motors 16 and
17.

In an alternative embodiment of the present invention, the system comprises a
base structure 30 which supports a circular proprioceptive footboard 31 positioned at
a height such that the user can sit on it. It further comprises accessories that facilitate
sitting such as armrests 32 and headrest 33.

At the front of the base structure 30 is a platform 34 on which the user can rest
his/her feet.

Opposite the structure is a visor 35 and a 3D detection system 36 for detecting
the posture of the user, arranged at the height of the user when seated.

Alternatively to the system composed of the elements 35 and 36, the control
panel 20 of the system and the 3D detection system 21 for detecting the posture of the
user, described previously, can be used.

The proprioceptive footboard 31 comprises four load cells 40 arranged in cross
formation and at 45° degrees with respect to the x and y axes of the base structure 30.

The proprioceptive footboard 31 further comprises two motors (not shown) for
the movement thereof in the directions of x and y, analogous to those defined by the
numerical references 16 and 17.

Also the platform 34 comprises four load cells 41 arranged diverging along the
X axis.

The system for evaluating the coordination (balance) of a patient using a

motorised footboard, in accordance with the present invention, is used by standing the
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patient on the proprioceptive footboard 12 and operating the motors 16 and 17 which
tilt the footboard, in such a way as to perturb the patient; said footboard can return to
the initial position or can remain tilted, and the patient tries to keep his/her balance.

The 3D detection system 21 identifies the patient and sends the data to the
control centre, like the data provided by the four load cells 14. The control centre
calculates the COP and the COM, calculates the difference between them, and sends
the results to the control and display panel 20.

In the case of the version with the proprioceptive footboard 31 where the patient
sits, the procedure is as previously described. In addition, in this case it is also possible
to verify the behaviour of the patient during the phase of standing up or sitting down
on the proprioceptive footboard 31, by means of the sensors positioned on the
proprioceptive footboard 31 and on the platform 34.

The use of a motorized footboard allows for controlled perturbations of the
surface on which the patient evaluated is balancing; for example, it is possible to create
perturbations on both the anteroposterior and mediolateral plane, or oscillations in a
clockwise and anticlockwise direction, all with adjustable and perfectly repeatable
amplitude and frequency.

The use of the three-dimensional camera allows recognition of the body and all
its joints without having to apply any marker, therefore the measurements are no longer
operator-dependent and patient evaluation times are significantly reduced.

Use of the system allows evaluation of the global behaviour of the body during
balancing exercises; this is done, for example, by positioning the patient in a bipodalic
position on the robotic footboard and by combining the data coming from the 3D
camera and from the force sensors; the dynamics and kinematics of the body are

evaluated (using COP, COM and positions of the joints) following perturbations of the
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footboard. Another example of use of the system allows peripheral evaluation, for
example by positioning the patient on the robotized footboard and making him/her work
in a monopodalic position with partial load, it is possible to evaluate his/her behaviour
by exploiting the 3D camera and the force sensors of the footboard during exercises
using one limb only. A further method of use is to position the patient on the seat and
ask him/her to stand up, evaluating transfer of the load during the action of standing
up.

The system can also perform a training function: by exploiting the camera, it is
possible to provide patients with a biofeedback in real time giving them greater
awareness of the spatial position of their body. The biofeedback is very useful for
increasing the benefits of the training, enabling patients to improve their postural
control, movement and force.

Furthermore, due to the combined use of the active footboard and the camera
it is possible to immerse patients in a virtual reality subjecting them to multi-task
exercises during which they are asked to carry out various tasks, for example pressing
buttons while trying to keep their balance in bipodalic or monopodalic position, also
following perturbations of the supporting surface. This mode is very useful for
improving coordination and balance, consequently reducing the risk of falling.

The COM and COP data we have calculated in this way enable us to examine
the postural control of a person using a more accurate, rapid and economic method
than the known art. To examine the postural control, in fact, it is possible to evaluate
the movement of the COM following a perturbation and in particular its position relative
to the centre of pressure of the feet on the footboard (COP). In particular a very
effective method for evaluating the postural control of a patient is to calculate the COP

— COM difference at every moment. This difference is closely correlated with the
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horizontal acceleration of the body while it tries to keep its balance following a
perturbation and represents what can be seen as the error which the person must
compensate for in order to remain standing.

Figure 5 shows an example of behaviour of a patient, movement of the COP
and COM in millimetres, with time variation in seconds, following two different
perturbations.

The signal shown by a broken line is the COM and the signal shown by a
continuous line is the COP.

The difference between the two signals, therefore COP — COM, represents the
compensation which a patient has to make in order to achieve a stable position

following the perturbation.
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CLAIMS

1. A system for evaluating the coordination of a patient comprising: a mobile
proprioceptive footboard, on which said patient is located; said proprioceptive
footboard comprises force sensors; a 3D detection system that takes a shot of said
patient; a control centre that receives the signals provided by said 3D detection system
and by said force sensors; said control centre calculates the centre of mass and the
centre of pressure of said patient; a screen that displays the trends of said centre of
mass and said centre of pressure of said patient.

2. The system according to claim 1 characterised in that said patient stands on
said proprioceptive footboard.

3. The system according to one of the preceding claims characterised in that
said patient sits on said proprioceptive footboard.

4. The system according to claim 3 characterised in that a platform is placed in
front of said proprioceptive footboard, upon which the user rests his/her feet, which
comprises force sensors.

5. The system according to one of the preceding claims characterised in that
said mobile proprioceptive footboard comprises means for tilting and/or rotating and/or
translating said footboard.

6. The system according to one of the preceding claims characterised in that
said control centre calculates the trend of said centre of mass and said centre of
pressure of said patient, and sends it to a display panel system.

7. The system according to one of the preceding claims characterised in that
said control centre calculates the difference between said centre of mass and said
centre of pressure of said patient.

8. A method for evaluating the coordinates of a patient comprising the steps of:
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placing a patient on said proprioceptive footboard; moving said proprioceptive
footboard; detecting 3D images of said patient and sending them to a control centre;
measuring the forces applied on said proprioceptive footboard and sending the
measured data to a control centre; calculating the centre of mass and the centre of
pressure of said patient; displaying the trends of said centre of mass and centre of
pressure of said patient.

9. The method according to claim 8 characterised in that said patient stands on
said proprioceptive footboard.
10. The method according to claim 8 characterised in that said patient sits on

said proprioceptive footboard.
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