wO 2022/148980 A 1 |0 0000 K000 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
14 July 2022 (14.07.2022)

(10) International Publication Number

WO 2022/148980 Al

WIPO I PCT

(51) International Patent Classification:
F03G 7/06 (2006.01)

(21) International Application Number:
PCT/GB2022/050056

(22) International Filing Date:
11 January 2022 (11.01.2022)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
2100299.3 11 January 2021 (11.01.2021) GB

(71) Applicant: CAMBRIDGE MECHATRONICS LIMIT-
ED [GB/GB]; The Westbrook Centre, Building 6, Milton
Road, Cambridge Cambridgeshire CB4 1YG (GB).

(72) Inventors: CARR, Joshua; c/o Cambridge Mechatronics
Limited, The Westbrook Centre, Building 6, Milton Road,
Cambridge Cambridgeshire CB4 1YG (GB). HOWARTH,
James; c/o Cambridge Mechatronics Limited, The West-
brook Centre, Building 6, Milton Road, Cambridge Cam-

bridgeshire CB4 1YG (GB).

Agent: CAMBRIDGE MECHATRONICS LIMITED;
The Westbrook Centre, Building 6, Milton Road, Cam-
bridge Cambridgeshire CB4 1YG (GB).

(74)

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AQ, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FL, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, IT, JO, JP, KE, KG, KH, KN,
KP, KR, KW, KZ, LA, LC,LK, LR, LS, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
with international search report (Art. 21(3))

(54) Title: CONTINUOUS DRIVE SMA MOTOR

102

(57) Abstract: Continuous drive motor driven by shape memory alloy (SMA) actuator wires. The SMA actuator wires rotate or control
the position of a drive spindle, which in turn causes a rotor or other component of a motor to rotate. Fine control of the velocity of the
rotation of the rotor/motor, and a continuous drive of the rotor/motor is enabled.



10

15

20

25

30

35

WO 2022/148980 PCT/GB2022/050056

Continuous Drive SMA Motor

The present techniques generally relate to a shape memory alloy (SMA)
actuator assembly, and in particular to continuous drive motors that are driven by
SMA actuator wires.

In a first approach of the present techniques, there is provided an actuator
assembly comprising: a first component; a second component rotatable relative
to the first component; a third component coupled to the second component at a
position away from a central axis of rotation of the second component; and at
least two shape memory alloy (SMA) actuator wires, each coupled at a first end
to the first component and arranged to apply, upon contraction, a force to the
third component, thereby driving rotation of the second component. In some
cases, the third component may be a drive spindle, or may be one of a pair of

magnets (where the other magnet may be provided on the first component).

In a further approach of the present techniques, there is provided an
actuator assembly comprising: a first component; a second component rotatable
relative to the first component; a third component coupled to the second
component at a position away from a central axis of rotation of the second
component; and at least two shape memory alloy (SMA) actuator wires, each
coupled to the first component and to the third component and arranged to apply,
upon contraction, a force to the third component, thereby driving rotation of the

second component.

In a further approach of the present techniques, there is provided an
actuator assembly comprising: a first component; a second component rotatable
relative to the first component; a first magnet magnetically coupled to the second
component at a position away from a central axis of rotation of the second
component; a second magnet attached to the second component at a position
away from a central axis of rotation of the second component; and at least two
shape memory alloy (SMA) actuator wires, each coupled at a first end to the first
component and at a second end to the first magnet and arranged to apply, upon
contraction, a force to the first magnet, thereby driving rotation of the second

component.
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In a further approach of the present techniques, there is provided an
actuator assembly comprising: a first component; a second component rotatable
relative to the first component; a third component coupled to the second
component at a position away from a central axis of rotation of the second
component a third component moveable relative to the first component;, and
coupled to the third component; and at least two shape memory alloy (SMA)
actuator wires, each coupled at a first end to the first component and each coupled
to the third component and arranged to apply, upon contraction, a force to the
drive spindle, thereby driving rotation of the second component. Each SMA
actuator wire may be connected to the third component at the second end, or may
be connected to the third component at a point along the length of the SMA wire.

In a further approach of the present techniques, there is provided an actuator
assembly comprising: a support structure; a rotating part that is rotatable relative
to the support structure about a rotation axis, the rotating part comprising an
eccentric portion; a movable component that is movable relative to the support
structure along at least one movement axis that is orthogonal to the rotation axis;
and at least two SMA wires arranged to move the movable component relative to
the support structure along the at least one movement axis, to thereby drive
movement of the eccentric portion and continuous rotation of the rotating part

relative to the support structure.

In a related approach of the present techniques, there is provided an
apparatus comprising an actuator assembly as described herein. The apparatus
may be any one of: a smartphone, a camera, a foldable smartphone, a foldable
image capture device, a foldable smartphone camera, an image capture device, a
servomotor, a consumer electronic device, a mobile computing device, a laptop,
a tablet computing device, a security system, a gaming system, an augmented
reality system, an augmented reality device, a virtual reality system, a virtual
reality device, a miniature pump, a medical device, a microfluidics device, a
wearable device, a drone (aerial, water, underwater, etc.), an aircraft, a
spacecraft, a submersible vessel, a vehicle, and an autonomous vehicle. It will be

understood that this is a non-exhaustive list of example apparatus.
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Preferred features are set out in the appended dependent claims.

Implementations of the present techniques will now be described, by way

of example only, with reference to the accompanying drawings, in which:

Figure 1 shows a schematic diagram of an actuator assembly for directly
driving a drive spindle of a motor;

Figure 2 shows a schematic diagram of another actuator assembly for

directly driving a drive spindle of a motor;

Figure 3 shows a schematic diagram of another actuator assembly for

directly driving a drive spindle of a motor;

Figure 4 shows a schematic diagram of an actuator assembly for indirectly

driving @ motor using magnetism;

Figure 5 shows a schematic diagram of an actuator assembly for indirectly

driving a drive spindle of a motor;

Figures 6A to 6C show components of another actuator assembly for

indirectly driving a drive spindle of a motor;

Figure 7 shows a schematic diagram of another actuator assembly for
indirectly driving a drive spindle of a motor;

Figures 8A and B show further embodiments of the actuator assembly,

comprising V-shaped SMA wires;

Figures 9A and B show a further embodiment of the actuator assembly; and

Figures 10A and B show further embodiments of the actuator assembly,

comprising lever arms for amplifying SMA wire stroke.
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Broadly speaking, the present techniques provide continuous drive motors
that are driven by shape memory alloy (SMA) actuator wires. The present
techniques use SMA actuator wires to rotate or control the position of a drive
spindle, which can in turn cause a rotor or other component of a motor to rotate.
The present techniques may advantageously enable fine control of the velocity of
the rotation of the rotor/motor and/or the position of the rotor/motor, and may
enable the motor to be driven continuously. The present techniques may be used
to actuate a motor used to drive a pop-up camera in a smartphone, a panning
camera in a drone, a miniature pump (e.g. for a medical device), a camera shutter
or iris shutter, haptic devices/mechanisms, and medical devices. It will be
understood that this is a non-exhaustive and non-limiting list of example
applications/uses of the actuator assemblies described herein.

The SMA actuator wires may be used to directly move or rotate the drive
spindle, and thereby cause the rotor to rotate. This may be considered ‘direct
SMA drive’. Alternatively, the SMA actuator wires may be used to drive movement
of a further component, where movement of the further component causes a drive
spindle or a rotor to rotate. This may be considered ‘indirect SMA drive’. Both

types of drive are described in more detail below with respect to the Figures.

Figure 1 shows a schematic diagram of a first actuator assembly 100 for
directly driving a drive spindle of a motor. The actuator assembly 100 comprises
a first component (not shown) and a second component 108 that is rotatable
relative to the first component. The second component 108 has a central axis of
rotation 110 about which the second component 108 rotates. The second
component may be a rotor or rotor disc of a motor. The actuator assembly 100
comprises a drive spindle 104. The drive spindle 104 is coupled to the second
component 108 at a position away from the central axis of rotation 110 of the
second component 108. The actuator assembly 100 comprises at least two shape
memory alloy (SMA) actuator wires 106. In the example shown in Figure 1, the
actuator assembly comprises three SMA actuator wires 106, but Figure 2 shows
an example comprising two SMA actuator wires. The at least two SMA actuator
wires 106 are each coupled at a first end to the first component via crimps or
connection components 102. The SMA actuator wires 106 are arranged to apply,
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upon contraction, a force to the drive spindle 104 to thereby drive rotation of the

second component 108.

The drive spindle 104 may be able to rotate relative to the second
component 108, so that the SMA wire exit angle does not vary as the second
component 108 rotates. Thus, the drive spindle 104 may be a pin or rod that
moves as a sliding bearing within a hole in the second component 108. The drive
spindle 104 must be able to transfer the force applied by the SMA actuator wires
106 on the drive spindle to a torque applied to the second component 108.

In actuator assembly 100, the two SMA actuator wires 106 are directly
coupled to the drive spindle 104. Specifically, a second end of each SMA actuator
wire 106 is coupled to the drive spindle 104. The second end of each SMA actuator
wire 106 may be coupled to the drive spindle 104 by a crimp or connection

component (not shown).

When the SMA actuator wires 106 are electrically driven, the resultant force
on the drive spindle 104 acts as a moment that causes rotation of the drive spindle
104. The moment may be controlled to cause rotation of the drive spindle in any
direction (i.e. clockwise or anti-clockwise). Each SMA actuator wire 106 may be
driven independently to control the position of the drive spindle 104, and thereby
the position of the second component/rotor 108. If the SMA actuator wires 106
are driven such that there is no resultant force or such that the resultant force

does not create a moment, then the drive spindle 104 will be stationary.

The actuator assembly 100 may comprise a bearing (not shown) to
constrain motion of the second component to rotation only. The bearing may be

provided between the second component 108 and the first component.

In the example actuator assembly 100 of Figure 1, the first end of each
SMA actuator wire 106 is spaced from the other two SMA actuator wires.
Preferably, the first end of each SMA actuator wire 106 may be equidistantly
spaced from the other two SMA actuator wires. However, equidistant spacing is
not essential for the operation of the actuator assembly 100, as other techniques
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may be used to compensate for non-equidistant spacing (e.g. by applying a

different drive voltage to each SMA actuator wire).

Figure 2 shows a schematic diagram of another actuator assembly 100 for
directly driving a drive spindle of a motor. The actuator assembly 100 of Figure 2
is similar to actuator assembly 100 described in relation to Figure 1and therefore,
for the sake of conciseness, only the differences are described.

As mentioned above, actuator assembly 100 comprises only two SMA
actuator wires instead of the three actuator wires shown in Figure 1. The actuator
assembly 100 comprises a resilient component or spring 112 in place of the third
SMA actuator wire of Figure 1. Thus, actuator assembly 100 comprises two SMA
actuator wires 106 and a spring 112. A first end of spring 112 is coupled to the
first component (not shown) via a crimp or connection component 102. A second
end of the spring 112 may be coupled to either the second component 108 or the
drive spindle 104. The spring 112 applies a return force to the drive spindle 104
or the second component 108, which causes the drive spindle or second
component 108 to move into a particular position. Thus, the spring 112 performs
the same function as the third SMA actuator wire 106 of assembly 100. The

resilient component/spring 112 may take any suitable form, such as a coil spring.

The first end of the two SMA actuator wires 106 and the first end of spring
112 are spaced from each other. Preferably, the first end of the two SMA actuator
wires 106 and the first end of spring 112 may be equidistantly spaced from each
other. However, equidistant spacing is not essential for the operation of the
actuator assembly 100, as other techniques may be used to compensate for non-

equidistant spacing.

Figure 3 shows a schematic diagram of another actuator assembly 100 for
directly driving a drive spindle of a motor. The actuator assembly 100 is similar to
actuator assembly 100 described in relation to Figure 1 and therefore, for the sake
of conciseness, only the differences are described.

The actuator assembly 100 comprises at least two shape memory alloy

(SMA) actuator wires 106. In the example shown in Figure 3, the actuator
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assembly 100 comprises three SMA actuator wires 106a, 106b and 106c¢ that are
directly coupled to the drive spindle 104. The three SMA actuator wires 106a-c
are each coupled at a first end to the first component via crimps or connection
components 102. The three SMA actuator wires 106a-c are each coupled at a
second end to the first component via crimps or connection components 102. The
three SMA actuator wires 106a-c are each coupled at a point along their length to
the drive spindle 104. The drive spindle 104 may comprise one or more holes
along its length, and the SMA actuator wires 106a-c pass through the hole(s) to
couple to the drive spindle 104. Thus, each SMA actuator wire 106a-c may be

slidably coupled at a point along its length to the drive spindle 104.

The first ends of the SMA actuator wires 106a-c may be equidistantly spaced
from each other, and the second ends of the SMA actuator wires 106a-c may be
equidistantly spaced from each other.

An advantage of actuator assembly 100 relative to assembly 100 may be
increased stroke. This is because the length of each SMA actuator wire 106a-c in
assembly 100 is longer than that of SMA actuator wires 106 in assembly 100, and
longer SMA actuator wires result in greater stroke. Furthermore, the wires 106a-
¢ are angled, which provides a mechanical advantage that leads to increased
stroke. The increased stroke may be achieved without increasing the overall

footprint or size of the actuator assembly 100 relative to that of assembly 100.

A further advantage of the actuator assembly 100 relative to assembly 100
is smoother torque or changes in torque, i.e. the variation in torque at different
stages of the rotation of the second component 108 is smaller. This is because in
assembly 100, each SMA actuator wire 106 may only be able to exert a force in
one direction when the drive spindle 104 is on the circular loci it moves along.
However, in assembly 100, each SMA actuator wire 106a-c may be able to apply
a force in two (opposite) directions, depending on what half of the circular loci the
rotor is in. In other words, each SMA actuator wire 106a-c could be considered
two wires that are able to apply a force in opposite directions to the drive spindle
104. In assembly 100, the second component 108 is caused to rotate by 120° by
each SMA actuator wire 106, but in assembly 100, the second component 108 is

caused to rotate by 60° by each SMA actuator wire 106a-c (such that it appears
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that there are six actuator wires controlling the movement of the drive spindle

104 and second component 108).

The SMA actuator wires 106a-c run across the second component and may
form shallow angles with the drive spindle 104. The SMA actuator wires 106a-c
may be powered in turn. For example, when the actuator assembly 100, and
specifically the second component 108, is in the position shown in Figure 3, SMA
actuator wire 106a may be powered the most (or may be the only powered wire),
while SMA actuator wire 106b is stretched. To cause rotation of the second
component, SMA actuator wire 106¢c may be powered next, followed by SMA
actuator wire 106b.

Figure 4 shows a schematic diagram of an actuator assembly 100 for
indirectly driving a motor using magnetism. Here, actuator assembly 100
comprises a first magnet 116. The SMA actuator wires 106 are coupled at one end
to the first component and at another end to first magnet 116. The first magnet
116 may be mounted on a plate or disc, or may simply be held in position by the
SMA actuator wires. The actuator assembly comprises a second magnet 118
provided on the second component 108 at a position away from a central axis of
rotation of the second component 108. As described above, the SMA actuator
wires 106 are driven to cause rotation/movement of the first magnet 116.
Movement of the first magnet 116 relative to the second magnet 118 drives
rotation of the second component 108 (because the second magnet 118 is

attracted towards or repelled from the first magnet 116).

In each of the embodiments shown in Figures 1 to 4, the at least two SMA
actuator wires 106 have electrical connections that allow each SMA actuator wire

106 to receive an independent drive signal.

In some cases, the drive spindle 104 may be connected to an electrical
ground. Thus, the end of each SMA actuator wire 106 that is connected to the
drive spindle 104 is connected to ground, and the end of each SMA actuator wire
106 that is connected to the first component via crimps 102 may be driven
individually. This may provide the greatest control over the motion of the drive

spindle 104, but requires a common connection to drive spindle 104 or the second
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component 108 (which is a moving part). The common connection could be made
to the second component 108 by providing at least one electric brush (not shown)
on the second component 108. Alternatively, the end of each SMA actuator wire
106 that is connected to the first component via crimps 102 may be connected to
an electrical ground, and the drive spindle 104/second component 108 may be
driven (again via one or more brush contacts). It may be possible to use a simple
DC drive and control the motor by regions on the second component 108

connecting to different SMA actuator wires 106.

In some cases, the assembly comprises three SMA actuator wires connected
together using a star connection or a three-phase connection system. The voltage
applied to each of the crimps 102 may be controlled to control the length of each
SMA actuator wire 106. Resistance measurement between the three pairs of
crimps may enable the resistance of each individual wire (and therefore its length)

to be determined.

In cases where an SMA actuator is replaced by a spring 112, the spring may
be electrically connected to an electrical ground. This may advantageously
remove the need for the electrical common to be provided on the moving second

component 108.

It will be understood that the continuous rotary motion of the second
component 108 may be combined with mechanisms that are typically used to

convert rotary motion to linear motion (such as rack and pinions, or worm gears).

Figures 5 to 7 show further examples of indirect SMA drive actuator
assemblies. In each of these example, the actuator assembly comprises a first
component (also referred to as a support structure herein); a second component
(also referred to as a rotating part) rotatable relative to the first component; a
third component (which may be a drive spindle or cam, also referred to as an
eccentric portion herein) coupled to the second component at a position away from
a central axis of rotation of the second component; and at least two shape memory
alloy (SMA) actuator wires, each coupled at a first end to the first component and
arranged to apply, upon contraction, a force to the third component, thereby

driving rotation of the second component. The actuator assemblies further
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comprise a fourth component (also referred to as a movable component herein)
moveable relative to the first component, wherein the at least two SMA actuator
wires are each coupled to the fourth component, and wherein the third component
is coupled to the fourth component and to the second component. Each of the
SMA actuator wires may be coupled at a second end to the fourth component, or
each SMA wire may be coupled to the fourth component at a point along the length
of the SMA wire.

Figure 5 shows a schematic diagram of an actuator assembly 100 for
indirectly driving a drive spindle of a motor. The actuator assembly 100 is able to
actuate movement of a movable component 122 (an example of the fourth
component 122) in two dimensions perpendicular to a primary axis as per the
actuator assemblies described in International Patent Publications
WO02013/175197 and W02014/083318. Movement of the movable component
122 drives rotation of a rotating part 108 (an example of the second component
108)

These actuator assemblies comprise four SMA actuator wires connected
between a moveable component 122 and a support structure 101 (an example of
the first component). Each wire 106 is connected at one of its ends (via
crimps/connectors 120) to the moveable component 122 and at its other end (via
crimps 102) to the support structure 101. A bearing arrangement (not shown)
supports the movable component 122 on the support structure and allows

movement of the movable component 122 relative to the support structure 101.

In addition to the features mentioned above, the actuator assembly 100
comprises a support structure that comprises or corresponds to the first
component. The movable component 122 is supported on the support structure
in @ manner allowing movement of the fourth component 122 relative to the
support structure in two orthogonal directions perpendicular to a notional primary
axis extending through the third component 122. The second component 108
(rotating part 108) is rotatably arranged relative to support structure around 1
rotation axis R. The at least two SMA actuator wires 106 are arranged to, upon
contraction, move the movable component 122 and thereby drive rotation of the

second component 108.

10
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So, the actuator assembly 100 comprises a total of four SMA wires 30. Each
SMA wire 106 is connected between the support structure and the movable

component.

Each SMA wire 106 is held in tension, thereby applying a force between the
movable component 122 and the support structure in a direction perpendicular to
the rotation axis R about which the second component is rotatable. In operation,
the SMA wires 106 move the movable component 122 relative to the support
structure in two orthogonal directions perpendicular to the rotation axis R, i.e. in

the x-y plane, as described further below.

The SMA wires 106 may each extend perpendicular to the rotation axis R.
In some embodiments, the SMA wires 106 extend in a common plane which is
advantageous in minimising the size of the SMA actuator assembly 1 along the
rotation axis R. This arrangement also minimises the force on the movable
component 122 (and any bearing arrangement supporting the movable
component 122) in a direction parallel to the rotation axis R.

Alternatively, the SMA wires 102 may be arranged inclined at a non-zero
angle to the orthogonal directions perpendicular to the rotation axis R, which angle
is preferably small. In this case, the SMA wires 106 in operation generate a
component of force along the rotation axis R that may tend to tilt or to move the
movable component 122 in a direction parallel to the rotation axis R. Such a
component of force may be resisted by the bearing arrangement to provide
movement in the orthogonal directions perpendicular to the rotation axis R.
Conversely, the degree of inclination of the SMA wires 106 that provides
acceptably small tilting or movement in a direction along the rotation axis R may
be dependent on the stiffness of the bearing arrangement along the rotation axis
R. Thus, relatively high inclinations are permissible in the case of the bearing
arrangement having a high stiffness along the rotation axis R, for example when
comprising a plain bearing or ball bearings.

In the case where the bearing arrangement comprises a plain bearing or ball

bearings, it may even be desirable for the SMA wires 106 to be inclined with a

11
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significant component in a direction parallel to the rotation axis R such that the
tension in the SMA wires 106 pushes the movable component 20 onto the plain
bearing or onto the ball bearings.

Irrespective of whether the SMA wires 106 are perpendicular to the rotation axis
R or inclined at a small angle to the plane perpendicular to the rotation axis R, the
actuator assembly 1 can be made very compact, particularly in the direction along
the rotation axis R. The SMA wires 106 are themselves very thin, typically of the
order of 25um in diameter, to ensure rapid heating and cooling. The arrangement
of SMA wires 106 barely adds to the footprint of the actuator assembly 1 and may
be made very thin in the direction along the rotation axis R, since the SMA wires
106 are laid essentially in a plane perpendicular to the rotation axis R in which
they remain in operation. The height along the rotation axis R then depends on
the thickness of the other components such as the connection elements described

below and the height necessary to allow manufacture.

As shown in Figure 5, the SMA wires 106 may have an arrangement around the
rotation axis R as follows.

Each of the SMA wires 106 is arranged along one side of the movable component
122. Thus, the SMA wires 106 are arranged in a loop at different angular positions
around the rotation axis R. Thus, the four SMA wires 106 consist of a first pair of
SMA wires arranged on opposite sides of the rotation axis R and a second pair of
SMA wires arranged on opposite sides of the rotation axis R. The first pair of SMA
wires is capable on selective driving to move the movable component 122 relative
to the support structure in a first direction in said plane, and the second pair of
SMA wires is capable on selective driving to move the movable component 122
relative to the support structure in a second direction in said plane transverse to
the first direction. Movement in directions other than parallel to the SMA wires
106 may be driven by a combination of actuation of these pairs of the SMA wires
106 to provide a linear combination of movement in the transverse directions.
Another way to view this movement is that simultaneous contraction of any pair
of the SMA wires 106 that are adjacent each other in the loop will drive movement
of the movable component 122 in a direction bisecting those two of the SMA wires

106 (diagonally in figure 1).

12
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As a result, the SMA wires 106 are capable of being selectively driven to move
movable component 122 relative to the support structure to any position in a
range of movement in two orthogonal directions perpendicular to the rotation axis
R. The magnitude of the range of movement depends on the geometry and the
range of contraction of the SMA wires 106 within their normal operating

parameters.

The arrangement of the SMA wires 106 along respective sides of the movable
component 122 assists in providing a compact arrangement since each of the SMA
wires 106 fits largely or entirely within the profile of the movable component 122
as viewed from that side, unlike for example an arrangement in which wires
extend radially of the rotation axis R, which would increase the footprint of the
SMA actuator assembly. However as a result of not being radial, each SMA wire
106 individually applies a torque to the movable component 122 in the plane of
the two orthogonal directions around the rotation axis R. Such torques may
potentially increase the requirements any bearing arrangement which needs to
resist any net torque, whilst permitting movement in that plane.

However, since none of the wires are collinear, they can be arranged to apply
cancelling torques when operated together. Successive SMA wires 106 around the
rotation axis R are connected to apply a force to the movable component 122 in
alternate senses around the rotation axis R. That is, as viewed outwardly of the
rotation axis R, one SMA wire 106 is connected at its left end to the support
structure and its right end to the movable component 122, but the next SMA wire
106 is connected at its left end to the movable component 122 and its right end
to the support structure, and so on. As a result, successive SMA wires 106 around
the rotation axis R also apply a torque in alternate senses around the rotation axis
R. That is, one SMA wire 106 applies a force to the movable component 122 in an
anticlockwise sense, but the next SMA wire 106 applies a force to the movable

component 122 in a clockwise sense, and so on.

This means that the first pair of SMA wires 106 generates a net torque to the
movable component 122 in said plane around the rotation axis R in a first sense

(e.g. anti-clockwise), and the second pair of SMA wires 106 generate a net torque

13
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to the movable component 122 in said plane around the rotation axis R that is in
an opposite sense (e.g. clockwise). As a result, for an arbitrary degree of heating
in each SMA wire 106, the torques tend to cancel.

Moreover, with this arrangement movement to any position in the range of
movement may in principle be achieved without applying any net torque to the
movable component 122 in the plane of the two orthogonal directions around the
rotation axis R. To appreciate this, one can consider the first pair of SMA wires
106 separately from the second pair of SMA wires 106. For movement to any given
position in two dimensions, the movement derived from the first pair of SMA wires
106 may be obtained with a range of stresses in the first pair of SMA wires 106,
and hence with a range of torques in the first sense. Similarly the movement
derived from the second pair of SMA wires 106 may be obtained with a range of
stresses in the second pair of SMA wires 106, and hence with a range of torques
in the second sense. This means the torques can be balanced by appropriate
selection of the stresses in each SMA wire 106, based on a simply geometrical
calculation relating the desired position and the arrangement of SMA wires 106.

In contrast, if all the SMA wires 106 were connected to apply a force to the
movable component 122 in the same sense around the rotation axis R then they
would always generate a net torque around the rotation axis R irrespective of how

they were driven.

When moving the movable component 122 in other directions that are a linear
combination of movement in directions X and Y, some degree of balancing is a
natural effect of the arrangement, and indeed by appropriate selection of the
forces generated in each one of the SMA wires 106, it is possible to cause the SMA
wires 106 to generate no net torque around the rotation axis R. Furthermore, the
SMA wires 106 may be controlled to cancel any torque on the movable component
122 that is due to contact of the movable component 122 with the rotating part
40. As such, the torque acting on the movable component 122 (due to forces
from the SMA wires 106 and forces due to contact with the rotating part 40) during
operation of the SMA actuator assembly 1 may be zero.

This reduction of torque around the rotation axis R reduces the tendency for the

movable component 122 to rotate around the rotation axis R. The reduction or

14



10

15

20

25

30

35

WO 2022/148980 PCT/GB2022/050056

balancing of torques around the rotation axis R reduces the constraints on the
bearing arrangement. In fact, in some embodiments, the constraints may be
reduced to the extent that no bearing arrangement is needed, and the movable

component 122 is instead supported by the SMA wires 106 themselves.

It is noted in particular that these benefits can be achieved in this actuator
arrangement 10 employing just a single set of four SMA wires 106, which provides

for a very simple and compact arrangement.

In this SMA actuator assembly 1, the SMA wires 106 extend in a common plane
which is advantageous in minimising the size of the actuator assembly 1 along the
rotation axis R. Alternatively, the SMA wires 106 could be offset from each other
along the rotation axis R and still obtain the benefits described above, if they meet
the more general requirement that projections of the four SMA wires 106 onto a
notional plane perpendicular to the rotation axis R have the arrangement shown
in figure 5 when viewed in that direction.

In the example of Figure 5, the drive spindle 126 may be part of the
movable component 122, and may extend through a hole 124 in the second
component 108 located at a position away from a central axis of rotation of the
second component 108 (where the position away from the central axis
corresponds to the third component, or eccentric portion). Alternatively, the drive
spindle 126 may be part of the second component 108 (rotating component 108)
so as to correspond to the third component or eccentric portion, and may extend
through a hole 124 in the movable component 122 located at a position away from

a central axis of rotation of the second component 108.

Assembly 100 of Figure 5 may advantageously provide a larger stroke
actuator relative to the examples shown in Figures 1, 2 and 4, within the same
footprint.

Figures 6A to 6C show components of an actuator assembly 100 for
indirectly driving a drive spindle of a motor. Assembly 100 comprises a movable
component 122 which is driven by two SMA actuator wires 106 in one dimension

only (e.g. left and right or side-to-side). The movable component 122 comprises
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a slot 132, and a portion of drive spindle 128 extends through slot 132. The width
of slot 132 is slightly bigger than the diameter of drive spindle 128, such that the
drive spindle is able to move/run smoothly within the slot 132.

The assembly 100 may comprise a drive cylinder 130 that is coupled to the
drive spindle 128 such that a central axis of rotation 130a of the drive cylinder
130 is at a position away from a central axis 128a of the drive spindle 128. When
the SMA actuator wires 106 are actuated to move the movable component 122 in
one direction, an edge of the slot 132 exerts a force on drive spindle 128, which,

causes the drive cylinder 130 to rotate.

The assembly 100 may comprise a cam 136 coupled to the drive spindle
128. The drive torque on the drive spindle 128 and drive cylinder 130 may drop
to zero when the cam 136 is perpendicular to a length of the slot 132. This means
that the motor drive may be reliant on rotational inertia to keep rotating. The
assembly 100 may comprise resilient components 134 arranged to apply a return
force on the cam 136 before the drive spindle 128 rotates into a zero torque
position. The resilient components 134 may prevent the cam 136 from stopping
and becoming jammed when in the zero torque position. The resilient components
134 may be leaf springs, which push the cam 136 way from the zero torque
position.

Figure 7 shows a schematic diagram of another actuator assembly 100 for
indirectly driving a drive spindle of a motor. Here, in addition to the features
described above, the actuator assembly 100 comprises a first magnet 142
provided on the drive spindle 138, and a second magnet 140 provided on the
movable component 122 at a position away from a central axis of rotation of the
movable component 122. Movement of the movable component 122 is achieved
using two, three or four SMA actuator wires, and causes movement of the second
magnet 140 relative to the first magnet, which in turn drives rotation of the drive
spindle 138.

Figure 8 to 10 show schematic diagrams of further actuator assemblies 100
according to aspect of the present invention. The actuator assemblies 100

comprise a support structure 101, a rotating part 108 and a movable component
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122. The rotating part 108 is rotatable relative to the support structure 101 about
a rotation axis R. The rotating part 108 comprising an eccentric portion 128,
which may be a cam or drive spindle, for example.

The movable component 122 is movable relative to the support structure
along a movement axis that is orthogonal to the rotation axis R. Movement of the
movable component 122 in directions other than along the movement axis may
be constrained, for example by a suitable bearing arrangement. Although not
shown in Figures 8-10, however, the movable component 122 may in some

embodiments move in a plane orthogonal to the rotation axis R.

The actuator assemblies 100 thus in essence correspond to the actuator
assembly 100 already described with reference to Figure 6B. In Figure 6B, the
SMA wires 106 are connected between the movable component 122 and the
support structure 101. So, one end of the SMA wires 106 is connected to the
support structure 101 and the other end of the SMA wires 106 is connected to the
movable part 122. This arrangement of SMA wires 106 is different in Figures 8-

10, as described below.

In the embodiment of Figures 8A and 8B, the SMA wires 106 are V-shaped
SMA wires 106. In particular, the SMA wires 106 are connected at both ends to
the support structure 101. The SMA wires 106 bend around the movable
component 122, thereby forming two lengths that are angled relative to one
another. The angle between the lengths of SMA wires 106 may in general be
greater than 0 degrees. Preferably, the angle between the lengths of SMA wires

106 is greater than 90 degrees, further preferably greater than 120 degrees.

Although not depicted, the SMA wires 106 may equally be connected at both

ends to the movable component 122 and bend around the support structure 101.

The actuator assembly 100 comprises opposing SMA wires 106. So, the
SMA wires 106 move the movable part 122 in opposing directions along the
movement axis. With reference to Figure 8A, for example, selective contraction

of the SMA wires 106 may move the movable component 122 up and down.
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In some embodiments, the rotating part 108 comprises a second eccentric
portion 128b (e.g. a second cam). The second eccentric portion may be different
from the eccentric portion 128, in that the second eccentric portion is angularly
offset about the rotation axis R from the eccentric portion angular direction. For
example, as shown in Figure 8A, the second eccentric portion 128b may be
angularly offset from the eccentric portion by about 90 degrees, for example in
the range from 45 to 135 degrees.

Although not shown in the Figures, the actuator assembly 100 may further
comprise a second movable component that is movable relative to the support
structure. The second movable part may be movable in the same manner as the
movable part 122 (e.g. along the movement axis or in the movement plane)

relative to the support structure 101.

In alternative embodiments, the second eccentric portion 128b may be the
same as the eccentric portion 128, i.e. the eccentric portions may be formed by
the same component or at least have the same eccentricity. The second movable
component may be movable relative to the support structure in a manner different
to the movement of the movable component 122, for example in a direction

orthogonal to the movement axis and to the rotation axis R.

In general, the movable component 128 and the second movable
component may be stacked or offset relative to each other along the rotation axis
R.

The SMA wires are configured alternately (or successively) to move the
movable part and the second movable part. This may improve continuous rotation
of the rotating part, especially in embodiments in which the movable parts are

movable along a single axis only.

In Figure 8A, the movable component 122 is constrained to move along the
movement axis by a bearing arrangement comprising a plain bearing 151. The
movable component 122 this may slide relative to the support structure 101, and
may be referred to as a slider. In Figure 8B, the bearing arrangement comprises

a flexure bearing 152. The flexure bearing 152 comprises four flexures that are
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arranged to allow movement along the movement axis. In either case, the
movable part is constrained from rotating about the rotation axis R relative to the
support structure 101 by the bearing arrangement. In general, any bearing

arrangement (e.g. also a rolling bearing) may be used instead.

Figure 9A and B depict schematic plan and side views of another actuator
assembly 100. The actuator assembly 100 of Figures 9A and B in essence
corresponds to that of Figure 8. However, as shown, the movable component 122
is formed as two separate elements, movement of which is separately driven by
a respective SMA wires 106. Furthermore, the movable component 122 is formed
integrally with one of the connection components for connecting an end of the
SMA wire 106 to the support structure 101. The movable component 122 may be
made of sheet material, such as sheet metal for example. Such a construction
may be particularly compact. The movable component 122 may be urged towards
the rotating part, so as to remain in sliding contact with the rotating part, by a
resilient element that is integral with the sheet metal component.

Figure 9B shows the stack of two movable parts that may be alternately

moved by the SMA wires to drive continuous rotation of the rotating part.

In Figures 8 and 9, the stroke of the SMA wires 106 (i.e. the amount of
contraction of the SMA wires 106) is amplified into larger movement of the
movable component. So, a relatively small stroke of the SMA wire 106 may
achieve a relatively larger movement of the movable component 122. In Figures
8 and 9, this stroke amplification is achieved by the V-shape of the SMA wires.
So, in general terms, the actuator assemblies 100 of Figures 8 and 9 comprise an
amplifying mechanism for amplifying the stroke of the SMA wires 106 into greater

movement of the movable part 122.

Figures 10A and 10B schematically depict plan and side views of another
SMA actuator assembly 100. The SMA actuator assembly 100 also comprises an
amplifying mechanism for amplifying the stroke of the SMA wires 106 into greater
movement of the movable part 122. In the embodiment of Figure 10, the
amplifying mechanism is comprised by the movable component 122. In particular,

the movable component 122 comprises a lever arm. The lever arm is arranged to
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pivot about a pivot point 160. The SMA wire 106 is connected to the lever arm at
a location that is closer to the pivot point 160 than the contact of the lever arm
with the eccentric portion of the rotating part 108. As such, the stroke of the SMA
wire 106 is amplified into greater movement for driving rotation of the rotating
part.

In general, a flexure arm may replace the lever arm of Figure 10, i.e. instead of
providing a lever arm that pivots about a pivot point, the flexure arm may be
fixedly connected at one end to the support structure 101 and at the other to the
movable component 122. The SMA wire 106 may drive bending of the flexure
arm about the connection point to the support structure 101 so as to move the
movable component 122.

Each of the actuator assemblies described herein may further comprise:
control circuitry electrically connected to the SMA actuator wires and arranged to:
measure a resistance of each SMA actuator wire; and supply drive signals to each
SMA actuator wire.

Each of the actuator assemblies described herein may further comprise: a

bearing to constrain motion of the second component (rotating part) to rotation.

Those skilled in the art will appreciate that while the foregoing has described
what is considered to be the best mode and where appropriate other modes of
performing present techniques, the present techniques should not be limited to
the specific configurations and methods disclosed in this description of the
preferred embodiment. Those skilled in the art will recognise that present
techniques have a broad range of applications, and that the embodiments may
take a wide range of modifications without departing from any inventive concept

as defined in the appended claims.
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CLAIMS

1. An actuator assembly comprising:

a first component;

a second component rotatable relative to the first component;

a third component coupled to the second component at a position away
from a central axis of rotation of the second component; and

at least two shape memory alloy (SMA) actuator wires, each coupled at a
first end to the first component and arranged to apply, upon contraction, a force

to the third component, thereby driving rotation of the second component.

2. The actuator assembly as claimed in claim 1 wherein the third component

is a drive spindle rotatable relative to the second component.

3. The actuator assembly as claimed in claim 1 or 2 wherein the third
component is a drive spindle and the at least two SMA actuator wires are each

directly coupled to the drive spindle.

4, The actuator assembly as claimed in claim 3 wherein a second end of each

SMA actuator wire is coupled to the drive spindle.

5. The actuator assembly as claimed in claim 4 wherein the assembly
comprises three SMA actuator wires, the first end of each SMA actuator wire being

spaced from the other two SMA actuator wires.

6. The actuator assembly as claimed in claim 4 wherein the assembly
comprises two SMA actuator wires and further comprises a spring having a first
end coupled to the first component and a second end coupled to one of the drive
spindle or the second component, wherein the first end of the two SMA actuator
wires and spring are spaced from each other.

7. The actuator assembly as claimed in claim 3 wherein a second end of each

SMA actuator wire is coupled to the first component and wherein each SMA
actuator wire is coupled at a point along its length to the drive spindle.
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8. The actuator assembly as claimed in claim 7 wherein first end of each SMA
actuator wire is equidistantly-spaced from each other, and wherein the second
end of each SMA actuator wire is equidistantly-spaced from each other.

9. The actuator assembly as claimed in claim 7 or 8 wherein each SMA actuator

wire is slidably coupled at a point along its length to the drive spindle.

10. The actuator assembly as claimed in any of claims 3 to 9 wherein the at
least two SMA actuator wires have electrical connections that allow each SMA

actuator wire to receive an independent drive signal.

11. The actuator assembly as claimed in claim 10 wherein the drive spindle is

connected to an electrical ground.

12. The actuator assembly as claimed in claim 11 further comprising:
at least one electric brush attached to the second component and

electrically connected to the electrical ground.

13. The actuator assembly as claimed in claim 10 wherein the at least two SMA

actuator wires are connected to an electrical ground at the first component.

14. The actuator assembly as claimed in any of claims 3 to 6 wherein the
assembly comprises three SMA actuator wires connected together using a star

connection or a three-phase connection system.

15. The actuator assembly as claimed in claim 6 wherein the spring is
electrically connected to an electrical ground.

16. The actuator assembly as claimed in claim 1 wherein the third component
is a first magnet and the at least two SMA actuator wires are each directly coupled
to the first magnet, and wherein the actuator assembly further comprises:

a second magnet provided on the second component at a position away
from a central axis of rotation of the second component, wherein the third
component is magnetically coupled to the second component;
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wherein movement of the first magnet drives rotation of the second

component.

17. The actuator assembly as claimed in claim 1 or 2 further comprising a fourth
component moveable relative to the first component, wherein the at least two
SMA actuator wires are each coupled to the fourth component, and wherein the
third component is coupled to the fourth component and to the second component.

18. The actuator assembly as claimed in claim 17 wherein the at least two SMA

actuator wires are each coupled at a second end to the fourth component.

19. The actuator assembly as claimed in claim 17 or 18 further comprising:

a support structure comprising the first component;

wherein the fourth component is supported on the support structure in a
manner allowing movement of the fourth component relative to the support
structure in two orthogonal directions perpendicular to a notional primary axis
extending through the fourth component; and

wherein the at least two SMA actuator wires are arranged to, upon
contraction, move the fourth component and thereby drive rotation of the second

component.

20. The actuator assembly as claimed in claim 19 wherein the third component
is part of the fourth component, and extends through a hole in the second
component located at a position away from a central axis of rotation of the second

component.

21. The actuator assembly as claimed in claim 17 or 18 wherein the third
component extends through a slot in the fourth component, and the actuator
assembly further comprises:

a drive cylinder that is coupled to the third component such that a central
axis of rotation of the drive cylinder is at a position away from a central axis of
the third component;

a cam coupled to the third component; and

resilient components arranged to apply a return force on the cam before

the third component rotates into a zero torque position.
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22. The actuator assembly as claimed in claim 17, 18 or 19 further comprising:
a first magnet provided on the third component; and
a second magnet provided on the fourth component at a position away from
a central axis of rotation of the fourth component,
wherein movement of the fourth component moves the second magnet

relative to the first magnet and drives rotation of the third component.

23. The actuator assembly as claimed in any preceding claim further
comprising:
control circuitry electrically connected to the SMA actuator wires and
arranged to:
measure a resistance of each SMA actuator wire; and
supply drive signals to each SMA actuator wire.

24. The actuator assembly as claimed in any preceding claim further
comprising:

a bearing to constrain motion of the second component to rotation.

25.  An actuator assembly comprising:

a support structure;

a rotating part that is rotatable relative to the support structure about a
rotation axis, the rotating part comprising an eccentric portion;

a movable component that is movable relative to the support structure
along at least one movement axis that is orthogonal to the rotation axis; and

at least two SMA wires arranged to move the movable component relative
to the support structure along the at least one movement axis, to thereby drive
movement of the eccentric portion and continuous rotation of the rotating part

relative to the support structure.

26. The actuator assembly of claim 25, wherein the movable component is

movable relative to the support structure only along the movement axis.

27. The actuator assembly of claim 25, wherein the movable component is

movable relative to the support structure in a plane orthogonal to the rotation
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axis, wherein the at least two SMA wires are arranged to move the movable

component in the plane.

28. The actuator assembly of claim 27, wherein the at least two SMA wires
comprise a total of four SMA wires in an arrangement wherein none of the forces
applied by the SMA wires are collinear, and wherein the SMA wires are capable of
being selectively driven to move the movable part relative to the support structure
to any position within a plane orthogonal to the rotation axis without rotating the
movable part.

29. The actuator assembly of claim 28, wherein two of the SMA wires are
arranged to apply a torque to the movable part in said plane in a first sense around
the rotation axis and the other two SMA wires are arranged to apply a torque to
the movable part in said plane in a second, opposite sense around the rotation

axis.

30. The actuator assembly of claim 28 or 29, wherein the four SMA actuator
wires are arranged in a loop at different angular positions around the rotation axis,
successive SMA wires around the rotation axis being connected to apply a force to

the movable element in alternate senses around the rotation axis.

31. The actuator assembly of any one of claims 25 to 27, wherein the at least
two SMA wires are coupled at both ends to one of the support structure and
movable component and bend around the other of the support structure and
movable component, thereby forming two lengths that are angled relative to one

another.
32. The actuator assembly of any one of claims 25 to 27, comprising an
amplifying mechanism that is configured to amplify the stroke of the SMA wires

into movement of the movable component for driving rotation of the rotating part.

33. The actuator assembly of claim 31, wherein the movable component

comprises a lever arm or a flexure arm for amplifying the stroke of the SMA wires.
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34. The actuator assembly of any one of claims 25 to 27 and 31 to 33, wherein
the rotating part comprising a second eccentric portion, and

further comprising a second movable part that is movable relative to the
support structure along at least one movement axis that is orthogonal to the
rotation axis and at least two SMA wires arranged to move the second movable
component relative to the support structure along the movement axis, to thereby
drive movement of the second eccentric portion and continuous rotation of the
rotating part relative to the support structure,

wherein SMA wires are configured alternately to move the movable part and
the second movable part.
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