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its extended configuration. The passage of the active material from the extended configuration to its shortened configuration imparts

the rotor (3) a rotation couple with respect to the stator (2).
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“Discrete step rotary actuator”

The present invention relates to a discrete étep
rotary actuator, comprising a stationary portion or
stator, a rotary portion or rotor and means for rotat-
ing the rotor with respect to the stator.

Electric actuators of the type referred to, also
known as step-by-step motors or steppers, are used in
applications requiring an accurate angular shift of the
rotor.

The operation of such actuators or motors, usually
with a permanent magnets, with wvariable reluctance or
of hybrid type, provides that a series of current
pulses, according to a given sequence, is sent to the
actuator, so asg to shift the rotor by consecutive jogs,
until a balance position is obtained. It is thus possi-
ble to rotate a shaft associated with the rotor in the
desired position and at the desired speed, by simply
counting pulsing and setting their frequency, since the
balance positions of shaft and rotor are determined me-
chanically with a high accuracy.

Known step-by-step actuators are usually bulky and
require complex electronic driving circuits, generally
digital circuits. The typical jogging operation of sgaid
actuators further results in vibrations and noise,
above all at low speeds and when simpler driving tech-
niques are used.

The present invention aims at carrying out a new
discrete step rotary actuator having a small size, a
high power in relation to size, a noiseless operation
and not requiring complex control systems or mechanical
reducers.

In view of achieving said aim, the object of the
invention is a discrete step rotary actuator as speci-

fied above, characterized in that the means for rotat-
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ing the rotor with respect to the stator comprise:

- at least an actuating element made at least
partly with a shape memory active material, whHich can
take a shortened configuration and an extended configu-
ration, the actuating element having a first portion
anchored to one of said stator or rotor,

- a sequence of seatings arranged as a circumfer-
ence around the other one of said rotor or stator, the
actuating element having a second portion that can en-
gage said seatings sequentially,

- elastic means placed between the actuating ele-
ment and the one of said stator or rotor to which said
first portipn of the actuating element is anchored.

Said elastic means are operative for inducing a
shift of said second portion of the actuating element
between two consecutive seatings of said sequence, dur-
ing the passage of the active material from its short-
ened to its extended configuration, whereas the passage
of the active material from the extended configuration
to its shortened configuration impérts the rotor a ro-
tation couple with respect to the stator.

In a preferred embodiment, the active material
used is a shape memory metal alloy. Actuators made of a
shape memory alloy or SMA are known per se and have al-
ready been used for several applications in wvarious
technical fields. They generally use at least an ele-
ment made of a metal alloy that can change its struc-
ture beyond a given transition temperature. In other
possible’embodiments, the active material used to make
the actuating means of the actuator according to the
invention can be a shape memory polymer or SMP or an
electro-active polymer or EAP.

The actuating element or elements provided for are
preferably thread-shaped and can be connected to elec-

tric supply means, which heat up said elements by Joule
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effect above the transition temperature of the active
material. In case of several actuating elements, the
latter can be supplied simultaneously or sequentially;
several groups of actuating elements can also be sup-
plied sequentially.

‘ Alternatively, the actuating element or elements
are driven directly by means of the temperature of a
fluid in which the actuator is operating, for instance
a gas or a liquid.

Thanks to the characteristics referred to above,
the actuator according to the invention has a simple
structure, a small size and a low cost, while its op-
eration is accurate, noiseless and can be easily con-
trolled.

Further characteristics and advantages of the in-
vention will be evident from the following description
referring to the accompanying drawings, provided as
mere non-limiting examples, in which:

- Figure 1 1is a schematic view in elevation of a
rotary actuator accofding to the invention, in a first
operating condition;

- Figure 2 is schematic view in elevation of a
portion of the rotary actuator of Figure 1, in a second
operating condition;

- Figure 3 is a schematic view resembling the one
in Figure 2, with the rotary actuator in a third oper-
ating condition;

- Figure 4 is a perspective view, partially sec-
tioned, of a portion of the rotary actuator according -
to a possible embodiment of the invention.

In the figures number 1 globally refers to a ro-
tary actuator according to the invention, which com-
prises a stationary portion or stator, referred to with
number 2, and a rotary portion or rotor, referred to
with number 3. Note that in Figure 1, as well as in the
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following Figures 2 and 3, some of the components of
the actuator are referred to with the numbers mentioned
below plus letters A, B, C and D, so as to better show
their positioning variations; in the following descrip-
tion, however, only numbers will be mentioned.

The stator 2 has a central housing with a circular
section, for instance shaped as a through cavity,
within which the rotor 3 ig turnably mounted; in the
case shown by way of example, the stator 2 and the ro-
tor 3 have a basically cylindrical hollow shape and are
coaxial one to the other, the outer circular surface of
the rotor 3 being adjacent to the inner circular sur-
face of the stator 2. By way of example, the stator 2
can have an outer diameter of 15-20 mm and a thickness
of 2-3 mm.

According to the invention, in order to generate a
rotation couple between the rotor 3 and the stator 2,
one or more actuating elements are provided for, re-
ferred to with number 10, at least partly made of an
active material, i.e. a material whose structure can be
selectively modified by applying a stimulus from out-
side.

In the preferred embodiment of the invention, the
active material used is a shape memory metal alloy. As
previously mentioned, such metal materials can recover
their initial configuration if deformed and then under-
going a suitable heat treatment. In particular, shape
memory metal alloys undergo a crystalline phase modifi-
cation when going from their stiffest configuration at
high temperature (austenite) to their configuration at
lower energy and temperature (martensite). When brought
to a low temperature, an element made of a shape memory

alloy takes a martensite-like structure, with a low

'yield point, and is easily deformable; after heating

the alloy takes another crystalline structure, aus-



WO 2004/082108 PCT/1B2004/000648

10

15

20

25

30

35

tenite-like, and then recovers its initial structure
and shape. The transition temperature, starting £from
which the alloy “remembers” its primitive shape, can be
changed by varying the composition or by suitable heat
treatments. The most interesting alloys with “shape
memory” properties are those with a considerable defor-
mation recovery or generating a remarkable strength
during phase transition, such as Ni-Ti, Ni-Ti-Cu, Cu-
Al-Zn, Cu-Al-Ni alloys, which can be used to implement
the invention.

In the case shown by way of example in Figure 1,
the actuator 1 comprises six actuating elements 10
shaped like a thread or in any case having a thin and
oblong shape, all of the same length; by way of exam-
ple, said threads 10 can have a length of about 3-5 mm.

Each thread 10 is anchored on one side to the sta-
tor 2, in a corresponding area referred to with 11; on
the opposite side, each thread 10 is associated with a
terminal element 12, not necessarily made of an active
material. Each terminal element 12 is fastened to the
first end of a corresponding coil spring 13, the other
end being anchored to the stator 3. Said springs 13 are
arranged so as to exert a traction onto the correspond-
ing terminal elements 12 in a direction substantially
opposite the one of the anchoring point 11 of the re-
spective thread 10, with reference to the direction of
rotation of the rotor, referred to with F in Figure 1.

As can be seen in Figure 4, both the rotor and the
stator can consist each of two coaxial discs 2/, 37,
made integral one to the other through means known per
se; thus, a space between the discs 2’ and the discs 3’
is defined, through which extend the threads 10 and the
springs 13. Figure 4 also shows how the threads 10 can
be U-shaped, with a going and a return portion with re-

spect to the terminal element 12, so that both ends of
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the thread are close to one another, thus making the
electric and mechanical connection in the corresponding
area 1l easier.

The inner peripheral surface of the rotor 3 is
provided with equidistant engagement seatings 14 for
terminal elements 12; in the case shown by way of exam-
ple, and as can be seen in Figure 4, the terminal ele-
ments 12 are éhaped like small cylinders and their en-
gagement seatings have a substantially concave shape,
open in the direction opposite the direction F of rota-
tion of the rotor 3.

The inner peripheral surface of the rotor 3 is
shaped so as to define, between two consecutive sgeat-
ings 14, a'slope 15 or “sky-jump”, i.e. a surface with
a slightly curved development, which joins two plans
located at different heights; in particular, each slope
15 has a development ascending from a seating 14 to the
following one, with reference to the direction opposite

the direction F of movement of the rotor 3. As for the

‘threads 10 and the springs 13, in the case shown by way

of example, there are six seatings 14 and six slopes
15.

In the preferred embodiment of the invention, the
ends of the threads 10 are connected to an electric
supply source, schematically referred to with AE in
Figure 1, so as to let an electric current go through
said threads and then heat the latter by Joule effect.
Depending on the control pattern chosen for the actua-
tor 1, the threads 10 can be supplied simultaneously or
sequentially. The actuator 1 works as described in the
following with reference to the case of simultaneous
supply of all threads 10.

Figure 1 shows a rest condition of the actuator 1,
in which the threads 10 are not supplied; as can be

seen, in said condition the terminal elements 12 are
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arranged each in a respective engagement seating 14 of
the rotor 3.

As a consequence of the heating due to the passage
of electric current, the threads 10 get over their
transition temperature and take a shortened or a small
length configuration, as can be seen in Figure 2, thus
pulling the terminal elements 12 towards their respec-
tive anchoring areas 11.

When passing from their extended to their short-
ened configuration, the threads 10 thus impart the ro-
tor 3 a rotation couple, which results in the passage
of said rotor from the position indicated with a
hatched line to the one iqdicated with the full line in
Figure 2. It is thus possible to obtain a discrete an-
gular movement of the rotor 3 with respect to the sta-
tor 2.

After reaching the position of Figure 2, the elec-
tric supply to the threads 10 isg interrupted; thus,
their temperature decreases progressively and sinks be-
low the transition temperature of the shape memory al-
loy, so that said threads take back their respective
extended configurations.

The passage from the shortened to the extended
configurations (as is indicated with a hatched line in
Figure 3, only for thread 10B and its respective termi-
nal elements 12B and spring 13B) is helped by the ac-
tion of the springs 13, which "“pull” the terminal ele-
ments 12 and make them slide on the slopes 15, until
said elements engage into a seating 14 following the
one they previously occupied.

Thus the operating‘position indicated with a full
line in Figure 3 1is reached, in which each terminal
element 12 engages a seating 14 following the one pre-
viously occupied; the position of the seatings 14 indi-

cated with a hatched line in Figure 3 corresponds to
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the position of Figure 1.

Then the threads 10 will be supplied again, thus
obtaining a. new discrete angular movement of the rotor
3 with respect to the stator 2, and then current supply
will be interrupted again. The operating cycle is re-
peated until the desired actuation is obtained.

The shape memory material used for the actuating
elements 10 according to the present invention could be
a non-metallic material, and in particular a shape mem-
ory polymer or SMP. As is generally known, such poly-
mers can modify their stiffness and shape depending on
the temperature they are subject to and swiftly pass,
if heated, from a glass-like state to a highly deform-
able rubber-like state, then going back as swiftly as
before, when cooled, to their original shape and hard-
ness. Moreover, similarly to metal alloys, thanks to
their “memory”, SMPs can recover for an endless number
of times their original shape, if brought again beyond
their critical temperature.

If the threads 10 are made of a shape memory poly-
mer, the supply cycle of said threads will be opposite
with respect to the one described before, i.e. with a
current supply so as to obtain the passage of said
threads from their shortened to their extended condi-
tion and, conversely, an interruption of current supply
so as to let them pass from their extended to their
shortened structure; in this application, therefore,
the rotation couple will be imparted to the rotor 3
when the threads 10 pass from their extended to their
shortened configuration, and thus during a step in
which said threads are not supplied with electricity.

In a further possible embodiment, the shape memory
material used at least for a portion of each actuating
element 12 could be an electro-active polymer or EAP,

i.e. a polymer material that can undergo deformations
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if an electric field is applied to it, chosen in par-
ticular among:

- electrostrictive polymers, i.e. polymers that,
when subject to electric fields, react by reducing the
size parallel to the field and increasing the size or-
thogonal to said field;

- IPMC polymers (ion polymer metal composites),
i.e. metal-ion composite polymers whose terminations
can ionize into polar liquids (one among the most used
IMPCs is NAFTON® by DuPont, used as “artificial mus-
cle”) ;

- conductive polymers, i.e. polymers that change,
when ionization varies, their mechanical properties and
size and can therefore be used with great advantages
both as sensitive elements and as mechanical actuators.

The invention enables to carry out discrete step
actuators with miniaturized size and high power den-
sity, which do not require reducers or complex control
gystems and which are noiseless and accurate. In said
light, the applications of the actuator 1 are manifold;
in particular, it should be pointed out that the inven-
tion can be used with great advantages in the field of
micro electromechanical systems or MEMS, for making
miniaturized devices such as motors, pumps, turbines,
shutters, flow deflectors, etc.

It should be pointed out that, if the sequence ra-
pidity of the discrete actuating steps should be privi-
leged, the threads 10 could be supplied in a sequential
or phase-shifted way one with respect to the other, and
not simultaneously. Obviously, in such a case, if on
one side the couple imparted to the rotor 3 is smaller,
on the other side cycle time can be reduced.

It is also evident that both suggested control
techniques can be advantageously combined, for instance

by supplying sequentially pairs or triplets of threads
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10, so as to obtain a desired couple and a desgired ac-
tuating speed. In said light, it is also evident that
the number of threads 10 can vary with respect to the
number (six) previously mentioned by way of example;
for instance there could be sixteen threads 10, sup-
plied sequentially four by four.

In a possgible embodiment, the threads 10 could act
by detecting directly the temperature to which they are
subject, for instance the temperature of a gas or a
liquid, so as to be actuated by said temperature at a
transition wvalue that can be adjusted when preparing
the active material used; in said light, for instance,
the actuator 1 could be designed to control a shutter
and be directly immersed in a liquid to be controlled.
When said liquid passes from a first to a second given
temperature, the threads pass from their extended to
their shortened configuration (or conversely, depending
on the active material used), and then go back to their
initial condition when the liquid goes back to the
first temperature, so as to obtain automatically an ac-
tuating step of the rotor 3. In said application, the
threads 10 could also be single-length threads, i.e.
not U-shaped, and thus with an end anchored to the cor-
responding area 11 and the other end associated with
the corresponding terminal element 12.

Obviously, though the basic idea of the invention
remaing the same, construction details and embodiments
can widely vary with respect to what has been described
and shown by mere way of example, however without leav-
ing the framework of the present invention.

The functions of the stator 2 could be performed
by any structure having a stationary position with re-
spect to the rotor 3.

The functions of the components referred to with

numbers 2 and 3 could be inverted with respect to those
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previously mentioned by way of example, for instance
with the component 3 in stationary position, acting as
a stator, and the component 2 making angular movement,
acting as a rotor.

It is then obvious to the person skilled in the
art that in a possible embodiment with the stator in
central position and the rotor in peripheral position,
the engagement seatings 14 and the slopes 15 could be
defined on the outer peripheral surface of the rotor.

The actuator previously described can rotate only
in one direction but, as was said, can have an ex-
tremely small size (basically like a coin). In said
light, an actuator according to the invention can be
made so as to be piled up onto another actuator of the
same type, though oriented with opposite direction of
rotation. Thus, by coupling two actuators, one for each
direction of rotation, it is possible to obtain a com-
pact device, that can be actuated in both directionsg of

rotation.
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CLAIMS

1. Discrete step rotary actuator (1), comprising
a stationary part or stator (2), a rotary part or rotor
(3) and means (10, 13, 14f for rotating the rotor (3)
with respect to the stator (2), characterized in that
said means (10, 13, 14) comprise

- at least an actuating element (10) made at leasgt
partly with a shape memory active material, which can
take a shortened configuration and an extended configu-
ration, the actuating element (10) having a first por-
tion (11) anchored to one of said stator (2) and rotor
(3),

- a sequence of seatings (14) arranged as a cir-
cumference around the other one of said rotor (3) and
stator (2), the actuating element (10) having a second
portion (12) that can engage said seatings (14) sequen-
tially,

- elastic means (13) placed between the actuating
element (10) and the one of gaid stator (2) and rotor
(3) to which said first portion (11) of the actuating
element (10) is anchored,

where said elastic means (13) are operative for
inducing a shift of said second portion (12) of the ac-
tuating element (10) between two consecutive seatings
(14) of said sequence, during the passage of the active
material from its shortened to its extended configura-
tion, the passage of the active material from the ex-
tended configuration to its shortened configuration im-
parting the rotor (3) a rotation couple with respect to
the stator (2).

2. Actuator according to c¢laim 1, characterized
in that said active material is selected in the group
consisting of shape memory metal alloys, shape memory

polymers, electro-active polymers.
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3.¢ Actuator according to claim 1 or 2, character-
ized in that said actuating element (10) can be subject
to an electric or heat stimulus so as to obtain its
passage from its shortened to its extended configura-
tion, or vice-versa.

4. Actuator according to claim 3, characterized
in that said actuating element (10) is connected to
electric supply means (AE), which are operative for ‘
heating it by Joule effect.

5. Actuator according to claim 3, characterized
in that said actuating element (10) is arranged so as
to be actuated by the temperature of a fluid to which
said element is subject.

6. Actuator according to claim 1, characterized
in that said elastic means (13) are operative to induce
exert a traction onto the respective actuating element
(10), in order to move said second portion (12) away
from said first portion (11).

7. Actuator according to claim 6, characte;ized
in that said elastic means comprise a spring (13), in
particular a coil spring.

8. Actuator according to claim 7, characterized
in that said second portion comprises a terminal ele-
ment (12) with which an end of said spring (13) is as-
sociated.

9. Actuator according to claim 1, characterized
in that said seatings (14) have a substantially concave
shape, whose cavity is open in the direction opposite
the direction of angular movement (F) of said rotor
(3).

10. Actuator according to claim 1, characterized
in that said seatings (14) are substantially at the
same distance one from the other and are arranged on a
circumferential surface of one of said stator (2) and

rotor (3).
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11l. Actuator according to claim 10, characterized
in that said circumferential surface is shaped so as to
define, between pairs of subsequent seatings (14) of
said sequence, a slope (15) with a descending develop-
ment with respect to the direction of angular movement
(F) of said rotor (3).

12. Actuator according to claim 8, characterized
in that said actuating element (10) has a thin and long
shape.

13. Actuator according to claim 1, characterized
in that said stator (2) and rotor (3) are made up each
of a pair of substantially disc-shaped, coaxial and
parallel elements (2’, 3’), said actuating element (10)
and the respective elastic means (13) extending at
least partly in a space defined between the two disc-
shaped elements (2’, 3’) of each pair.

14. Actuator according to claim 1, characterized
in that it is provided for a plurality of actuating
elements (10), each.of which is associated with respec-
tive elastic means (13).

15. Actuator according to claim 14, characterized
in that it is provided for a simultaneous electric sup-
ply of a plurality of said actuating elements (10).

16. Actuator according to claim 14, characterized
in that said actuating elements (10) are supplied with
electric energy in a sequential way.

17. Actuator according to claim 14, characterized
in that at least a first plurality of said actuating
elements (10) is supplied sequentially with respect to
a second plurality of said actuating elements (10).

18. Actuator according to claim 1, characterized
in that said stator (2) is in a peripheral position
with respect to said rotor (3).

19. Actuator according to claim 1, characterized

in that said rotor is in a peripheral position with re-
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spect to said stator.

20. Actuator according to claim 10, characterized
in that said circumferential surface is an inner or
outer peripheral surface of said stator (2) or rotor
(3).

21. Use of a discrete step rotary actuator (1)
made in accordance with one or more of the preceding
claims, for manufacturing miniaturized devices such as
motors pumps, turbines, shutters, flow deflectors.

22. Actuating device capable of generating actua-
tions in two opposite directions of rotation, compris-
ing a first and a second discrete step rotary actuator
(1) made in accordance with one or more of the claims 1
to 20, the rotors (3) of the two actuators (1) moving
angularly in opposgite directions.

23. Method for generating a discrete step rota-
tion of a stationary part or stator (2) with respect to
a rotary part or rotor (3), comprising the following
steps:

- providing out at least an actuating element (10)
at least partly made of a shape memory active material,
which can take a shortened and an extended configura-
tion;

- making a sequence of seatings (14) arranged on
of said stator (2) or rotor (3);

- anchoring a first portion (11) of the actuating
element (10) to one of said rotor (3) and stator (2),
so that a second portion (12) of the actuating element
(10) engages a first of said seatings (14);

- placing elastic means (13) between the actuating
element (10) ‘and the one of said stator (2) or rotor
(3) to which the first portion (811l) of the actuating
element (10) is anchored;

- applying an electric or heat stimulus to the ac-

tive material, so as to determine the passage from said



WO 2004/082108 PCT/1B2004/000648

10

1le

shortened to said extended configuration, or vice-
versa;

where the passage of the active material from its
extended to its shortened configuration imparts the ro-
tor (3) a rotation couple with regpect to the stator
(2) contrasting the action of said elastic means (13),
and the latter induce a shift of said second portion
(12) from said first seating to a following seating
(14) of said sequence, during the passage of the active
material from said shortened to said extended configu-

ration.
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