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Foot for a robotic exoskeleton for assisted walking of persons suffering from locomotor

disorders

The present invention relates to a foot for a robotic exoskeleton for assisted walking of

persons suffering from locomotor disorders.

According to the Online Dictionary of Prosthetics and Orthotics available on the website of

ISPO (International Society for Prosthetics and Orthotics) at http://www.ispo.ca/lexicon/,

an exoskeleton is defined as a type of prosthetic construction whose structural components

are located peripherally to the existing limb, whereas a limb prosthesis is defined as a de

vice used to replace, wholly or in part, a missing or deficient limb segment.

That being stated, the present invention does not relate to a foot prosthesis, i.e. a device de

signed to replace the foot of a patient, but to a foot for a robotic exoskeleton, i.e. a device

designed to be "worn" by the foot of the patient to assist the patient during walking.

The feet for robotic exoskeletons for assisted walking of persons suffering from locomotor

disorders that are currently available on the market have a rigid structure which makes it

difficult for the robotic exoskeleton to replicate the natural gait of a person.

It is therefore an object of the present invention to provide a foot for a robotic exoskeleton

for assisted walking of persons suffering from locomotor disorders which is not affected by

the above-mentioned disadvantage of the prior art. More specifically, the present invention

aims at providing a foot for a robotic exoskeleton for assisted walking of persons suffering

from locomotor disorders which is able to efficiently absorb the shocks with the ground, in

particular at the beginning of the stance phase, to deform at the end of the stance phase (i.e.

when the heel first and then also the toes leave the ground), as well as to measure the

forces exchanged by the foot with the ground.

A further object of the present invention is to provide a foot for a robotic exoskeleton for

assisted walking of persons suffering from locomotor disorders which is structurally

simple and has a reduced number of components.



These and other objects are fully achieved according to the present invention by virtue of a

foot for a robotic exoskeleton for assisted walking of persons suffering from locomotor

disorders having the features set forth in independent claim 1.

Advantageous embodiments of the present invention are defined in the dependent claims,

whose subject-matter is to be intended as forming an integral and complementary part of

the following description.

In short, the invention is based on the concept of providing a foot for a robotic exoskeleton

for assisted walking of persons suffering from locomotor disorders which comprises three

rigid foot segments, namely a middle foot segment arranged to be connected to a leg of the

robotic exoskeleton, a front foot segment elastically connected to the front end of the

middle foot segment by means of a first set of leaf springs, and a rear foot segment

elastically connected to the rear end of the middle foot segment by means of a second set

of leaf springs. By virtue of such a configuration, the three foot segments are able to rotate

relative to each other both about a transverse axis and about the longitudinal axis of the

foot, thereby allowing the foot to absorb the irregularities of the ground in a very efficient

manner.

Preferably, in the condition where the foot is wholly resting on the ground, i.e. in the

condition where the front foot segment and the rear foot segment are both in contact with

the ground, and there is no load acting on the foot, the middle foot segment is not in

contact with the ground, but is elastically suspended by means of the first and second sets

of springs. Since the leg of the robotic exoskeleton is connected to the foot at the middle

foot segment and since the middle foot segment is elastically suspended between the front

and rear foot segments, the foot of the invention has a greater ability to absorb the shocks,

in particular during the stance phase, than the prior art.

Preferably, the foot further comprises force measuring means for providing measurements

indicative of the forces applied onto the foot. These measuring means advantageously

comprise strain gauges that are positioned on the leaf springs and therefore allow to detect

not only the forces/torques applied onto the foot, but also the angles of rotation between



each pair of adjacent foot segments.

According to an embodiment, the leaf springs are constrained to deflect along a suitably

shaped curved profile in such a manner that the active length of the springs decreases, and

therefore stiffness of the springs increases, as the force exchanged between the front (or

rear) foot segment and the middle foot segment increases. This allows to prevent the

various foot segments from reaching end-of-travel positions, for example the middle foot

segment from coming into contact with the ground, as a result of the normal forces

exchanged between foot and ground during walking.

Further features and advantages of the present invention will become apparent from the

following detailed description, given purely by way of non-limiting example with

reference to the appended drawings, where:

Figures 1 and 2 are perspective views, from two different points of view, of a foot

for a robotic exoskeleton for assisted walking of persons suffering from locomotor

disorders according to an embodiment of the present invention;

Figure 3 is a side view of the foot of Figures 1 and 2;

Figure 4 is a view on an enlarged scale of detail A of Figure 3;

Figure 5 is a plan view from below of the foot of Figures 1 and 2;

Figure 6 schematically shows the principle of operation of the foot according to the

invention;

Figure 7 shows the deflection of one of the leaf springs of the foot of Figures 1 and

2 for three different values of the force acting onto the spring; and

Figure 8 is a side view of a foot for a robotic exoskeleton for assisted walking of

persons suffering from locomotor disorders provided with laces for fastening the foot to a

shoe of a patient.

With reference first to Figures 1 to 5, as well as to Figure 8, a foot for a robotic

exoskeleton for assisted walking of persons suffering from locomotor disorders according

to an embodiment of the present invention is generally indicated 10. The foot 10 is mainly

intended for use as a sort of sole on which the patient may rest with his foot, wearing a

shoe. To this end, the foot 10 is advantageously provided with a number of laces 12 for



fastening the foot 10 to the shoe of the patient, as shown in Figure 8.

The foot 10 basically comprises three rigid foot segments, namely a middle foot segment

14 arranged to be connected to a leg (not shown, but of per-se-known type) of the robotic

exoskeleton, a front foot segment 16 elastically connected to the front end of the middle

foot segment 14 by means of a first set of leaf springs and a rear foot segment 18

elastically connected to the rear end of the middle foot segment 14 by means of a second

set of leaf springs.

As shown in Figure 5, in the proposed embodiment the first set of leaf springs comprises a

pair of leaf springs 20 arranged on opposite sides of a longitudinal axis x of the foot 10,

symmetrically to this axis. Likewise, the second set of leaf springs comprises a pair of leaf

springs 22 arranged on opposite sides of the longitudinal axis x, symmetrically to this axis.

The first and/or second set of leaf springs might comprise a number of leaf springs

different from the one proposed here. Moreover, the term "leaf spring" is used here to refer

not necessarily to a single leaf spring, but more generally to a pack of leaf springs, whose

number may be suitably chosen by the designer based on the stiffness requirements, which

may for example depend on the intended use of the foot or on the weight of the patient.

Different stiffness values may also be set, both between the leaf springs 20 (front springs)

and the leaf springs 22 (rear springs), and between the two springs (the one placed on the

left side and the one placed on the right side) of the same set of springs 20 or 22, for

example to adapt the behaviour of the foot to the preferences of the patient or to help to

correct possible posture errors of the patient.

By virtue of the elastic connection through the leaf springs 20 the front foot segment 16 is

able to rotate relative to the middle foot segment 14 both in the sagittal plane (i.e. the

vertical plane passing through the longitudinal axis x), that is to say, about an axis of

rotation directed transversely to the longitudinal axis x, and in the front plane (i.e. the

vertical plane perpendicular to the longitudinal axis x), that is to say, about the longitudinal

axis x . Likewise, by virtue of the elastic connection through the leaf springs 22 the rear

foot segment 18 is able to rotate relative to the middle foot segment 14 both in the sagittal

plane and in the front plane. A foot for a robotic exoskeleton according to the invention is



thus able to adapt very efficiently to the ground, suitably deforming to absorb possible

irregularities of the ground. Moreover, an exoskeleton provided with a foot according to

the invention is able to replicate the gait of a person more accurately than the prior art,

thanks to the ability of the three foot segments to move relative to each other.

As shown both in the schematic drawing of Figure 6 and in the side view of Figure 8, the

foot 10 is configured in such a manner that in the condition where the foot is wholly

resting on the ground, i.e. in the condition where the front foot segment 16 and the rear

foot segment 18 are both in contact with the ground, the middle foot segment 14 is not

instead in contact with the ground, but elastically suspended by means of the two pairs of

leaf springs 20 and 22. Preferably, the leaf springs 20 and 22 are so configured as to keep

the middle foot segment 14 at a distance from the ground even when this foot segment is

subject to forces F during the stance phase. On the one hand this makes the patient

perceive a greater "softness" of operation of the robotic exoskeleton and on the other helps

to improve the ability of the foot to adapt to the ground shape.

The three foot segments 14, 16 and 18 are preferably provided with studs 24 of elastomeric

material acting as shock-absorbing elements for absorbing the shocks of the foot 10 with

the ground. The studs 24 are partially received in transverse grooves 26 formed on the

bottom face of each of the three foot segments 14, 16 and 18 so as to project downwards

from this face, as shown in Figure 8.

The foot 10 is also preferably provided with measuring means for providing measurements

indicative of the forces applied onto the foot. According to an embodiment, these

measuring means are formed by strain gauges (not shown, but of per-se-known type)

which are positioned on the leaf springs 20 and 22 (or, more generally, on at least one of

said first and second sets of leaf springs). The use of strain gauges on the leaf springs

allows to detect not only the forces applied onto the foot, but also the angles of rotation

between each pair of adjacent foot segments.

With reference now in particular to Figures 4 and 7, according to a preferred aspect of the

present invention the first and second sets of leaf springs 20 and 22 are constrained to



deflect along a curved profile suitably configured in such a manner that the active length of

the springs decreases, and therefore the stiffness of the springs increases, as the angle of

rotation between the two foot segments connected by means of these springs (front foot

segment 16 and middle foot segment 14 or rear foot segment 18 and middle foot segment

14) increases. An upper abutment surface 28 and a lower abutment surface 30 are therefore

provided on vertically opposite sides of each of the leaf springs 20, 22, preferably on the

middle foot segment 14, which surfaces have respective curved profiles, preferably

symmetrically arranged with respect to the plane passing through the spring in the

undeformed condition. As shown in Figure 7, as the force acting onto the spring 20, 22

increases, and therefore the deflection of the spring increases, the portion of spring in

contact with the abutment surface (in this case the lower abutment surface 30) also

increases, and therefore the active length (indicated L in Figure 7) of the spring decreases,

which results in an increase in the stiffness of the same spring. This allows to avoid that the

foot segments reach end-of-travel positions, for example that the middle foot segment 14

comes into contact with the ground, as a result of the normal forces exchanged between

foot and ground during walking.

As explained above, the leg (not shown) of the robotic exoskeleton is connected to the foot

10 at the middle foot segment 14, in particular by means of a joint 32 simulating the ankle

joint. With reference in particular to Figures 1 to 3, in the proposed embodiment the joint

32 comprises a C-shaped spring element 34 extending in the sagittal plane. The lower limb

of the spring 34, indicated 34a, is rigidly connected to the middle foot segment 14, while

the upper limb, indicated 34b, is connected to a connection member 36 to which the

bottom end of the leg is intended to be attached. By virtue of its flexibility, the spring 34

allows to replicate the flexion and extension movements of the ankle. The joint 32 might

also comprise additional spring devices, for example a spring device arranged to replicate

the inversion and eversion movements of the ankle.

Preferably, the joint 32 further comprises an adjustment device for adjusting the angular

position, in the sagittal plane, of the connection member 36 relative to the upper limb 34b

of the spring element 34, and therefore the angular position of the leg of the robotic

exoskeleton relative to the middle foot segment 14, in the undeformed condition of the



spring element 34, in order to adapt the exoskeleton to the personal preferences of the

patient or to correct possible unbalances in the sagittal plane due to posture defects of the

patient. According to the proposed embodiment, the adjustment device comprises a bracket

element 38 which is rigidly connected to the upper limb 34b of the spring element 34 and a

movable element 40 which is rigidly connected to the connection member 36 and is

attachable to the bracket element in a plurality of different angular positions in the sagittal

plane. More specifically, the bracket element 38 comprises a vertical wall 38a extending in

the sagittal plane and the movable element 40 is hinged to the vertical wall 38a of the

bracket element so that it can be rotated relative to the latter in the sagittal plane until it

reaches the desired orientation and then fixed in this position, for example by means of

screws.

In view of the above description the advantages offered by a foot for a robotic exoskeleton

according to the present invention are evident.

First of all, the foot is able to adapt to the shape of the ground, and therefore to absorb

possible irregularities of the same, by virtue of the possibility of relative rotation between

the foot segments both in the sagittal plane and about the longitudinal axis of the foot.

Secondly, the foot is able to efficiently absorb the shocks with the ground, by virtue of the

middle foot segment being elastically suspended between the front and rear foot segments.

Moreover, since strain gauges may be applied directly onto the leaf springs the invention

provides a simple, yet very efficient, solution to the problem of detecting both the

forces/torques exerted onto the foot and the angles of rotation between each pair of

adjacent foot segments.

Naturally, the principle of the invention remaining unchanged, the embodiments and the

constructional details may vary widely from those described and illustrated purely by way

of non-limiting example, without thereby departing from the scope of the invention as de

fined in the appended claims.



CLAIMS

1. Foot (10) for a robotic exoskeleton for assisted walking of persons suffering from

locomotor disorders, comprising three rigid foot segments (14, 16, 18), namely a middle

foot segment (14) arranged to be connected to a leg of the robotic exoskeleton, a front foot

segment (16) and a rear foot segment (18),

characterized

in that the front foot segment (16) is elastically connected to the front end of the middle

foot segment (14) by means of a first set of leaf springs (20), and

in that the rear foot segment (18) is elastically connected to the rear end of the middle foot

segment (14) by means of a second set of leaf springs (22).

2 . Foot according to claim 1, wherein in the condition where the front foot segment

(16) and the rear foot segment (18) are both in contact with the ground and no load is

applied onto the foot (10), the middle foot segment (14) is not in contact with the ground,

but is elastically suspended by means of the first and second sets of springs (20, 22).

3 . Foot according to claim 2, wherein the first set of leaf springs (20) comprises a pair

of leaf springs arranged on opposite sides of a longitudinal axis (x) of the foot (10).

4 . Foot according to claim 2 or claim 3, wherein the second set of leaf springs (22)

comprises a pair of leaf springs arranged on opposite sides of a longitudinal axis (x) of the

foot (10).

5 . Foot according to any of the preceding claims, further comprising strain gauges

located on at least one of said first and second sets of leaf springs (20, 22).

6 . Foot according to any of the preceding claims, wherein the first and second sets of

leaf springs (20, 22) are constrained to deflect along a curved profile suitably configured in

such a manner that the active length of the first and second sets of leaf springs (20, 22)

decreases, and therefore the stiffness of these springs increases, as the force exchanged

between the front foot segment (16), or the rear foot segment (18), and the middle foot



segment (14) increases.

7 . Foot according to claim 6, wherein the middle foot segment (14) has, both for the

first set of leaf springs (20) and for the second set of leaf springs (22), a respective upper

abutment surface (28) and a respective lower abutment surface (30) each having said

curved profile, the curved profile of the upper abutment surface (28) being arranged

symmetrically to the curved profile of the respective lower abutment surface (30) with

respect to a plane passing through the respective set of leaf springs (20, 22) in the

undeformed condition.

8. Foot according to any of the preceding claims, further comprising a joint (32) for

connection of the leg of the robotic exoskeleton to the middle foot segment (14), said joint

(32) being configured to allow relative rotation between the leg and the middle foot

segment (14) at least in the sagittal plane of the foot.

9 . Foot according to claim 8, wherein said joint (32) comprises a C-shaped spring

element (34) extending in the sagittal plane of the foot (10), with a lower limb (34a) rigidly

connected to the middle foot segment (14) and with an upper limb (34b) connected to a

connection member (36) to which the bottom end of the leg is intended to be connected.

10. Foot according to claim 9, wherein said joint (32) further comprises adjustment

means (38, 40) for adjusting the angular position, in the sagittal plane, of the connection

member (36) relative to the upper limb (34b) of the spring element (34).
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