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Description

Shape Memory Alloy Actuation Apparatus

[0001] The present invention relates to a shape mem-
ory alloy (SMA) actuation apparatus using SMA material
as an actuator to drive movement of a movable element.
[0002] The present invention has particular application
to actuation of a camera lens element, for example of the
type used in a miniature camera which may be employed
in a portable electronic device such as a mobile telephone
or a mobile digital data processing and/or transmitting
device.
[0003] In recent years, with the explosive spread of
portable information terminals sometimes known as
PDAs (portable digital assistants) and portable tele-
phones, an increasing number of devices incorporate a
compact digital camera apparatus employing an image
sensor. When such a digital camera apparatus is minia-
turized using an image sensor with a relatively small im-
age-sensing area, its optical system, including one or
more lenses, also needs to be miniaturized accordingly.
[0004] To achieve focusing or zooming, an actuation
arrangement of some type must be included in the con-
fined volume of such a miniature camera to drive move-
ment of the camera lens element along the optical axis.
As the camera lens element is small, the actuation ar-
rangement must be capable of providing precise actua-
tion over a correspondingly small range of movement. At
the same time it is desired that the actuator arrangement
is itself compact given the desire for miniaturization of
the camera apparatus as a whole. In practical terms,
these points limit the types of actuation arrangement
which can be applied. Similar considerations apply to ac-
tuation arrangements for a wide range of other small ob-
jects.
[0005] Whilst most of the existing cameras rely on var-
iations of the well-known electric-coil motor, a number of
other actuation arrangements have been proposed as
small drive units for the lens system. Such other actuation
arrangements may include transducers based on piezo-
electric, electrostrictive or magnetostrictive material,
commonly referred to as electro-active devices and one
example is an actuator comprising a curved structure of
helically coiled piezoelectric bender tape as disclosed in
WO-01/47041 which may be used as an actuator for a
camera lens as described in WO-02/103451.
[0006] Another type of actuation arrangement which
has been proposed uses SMA material as an actuator.
The SMA actuator is arranged on heating to drive move-
ment of the camera lens element. Actuation may be
achieved by control of the temperature of the SMA actu-
ator over an active temperature range in which the SMA
actuator changes between martensite and austenite
phases in which the stress and strain of the SMA actuator
changes. At low temperatures the SMA actuator is in the
martensite phase, whereas at high temperatures the
SMA actuator transforms into the austenite phase which

induces a deformation causing the SMA actuator to con-
tract. The temperature of the SMA actuator may be
changed by selectively passing a current through the
SMA actuator to heat it causing the phase change. The
phase change occurs over a range of temperature due
to the statistical spread of transition temperature in the
SMA crystal structure. The SMA actuator is arranged so
that the contraction drives movement of the movable el-
ement.
[0007] The use of SMA material as an actuator for a
small object such as the camera lens element of a min-
iature camera provides the advantages of being intrinsi-
cally linear, providing a high power per unit mass, being
a low cost commodity item and being a relatively small
component.
[0008] The present invention is applicable to an SMA
actuation arrangement for driving movement of a camera
lens in a camera. However, similar considerations apply
to actuation arrangements for a wide range of other small
movable elements and so the present invention is equally
applicable to such other applications.
[0009] The first aspect of the present invention is con-
cerned with controlling the position of the movable ele-
ment based on a signal which varies with the position of
the movable element. For example, where the movable
element is a camera lens element, auto-focussing may
be applied using a signal which is a measure of the quality
of focus based on the image signal output by the image
sensor.
[0010] In the case of using an SMA actuator to drive
movement of the movable element, there is a consider-
able problem of providing accurate, repeatable control.
This results from hysteresis between the applied current
and the actual position of the camera lens element. Whilst
the change of length of the SMA actuator is dependent
on the temperature, there are nonetheless problems in
implementing the control.
[0011] It is difficult to accurately determine the temper-
ature which is dependent on not only the applied current
passing through the SMA actuator but also on the cooling
of the SMA actuator which occurs at a varying rate de-
pending on the ambient conditions. Thus, the tempera-
ture cannot be accurately determined from the known
applied current.
[0012] Even assuming hypothetically that there was
accurate knowledge of the temperature, there is hyster-
esis in the variation of the length of the SMA actuator and
the temperature. In particular, the active temperature
range over which the material transforms from the mar-
tensite phase to the austenite phase during heating oc-
curs at a higher temperature than the temperature range
over which the SMA actuator transforms from the austen-
ite phase to the martensite phase during cooling. As a
result of this hysteresis, after a cycle of heating and cool-
ing the SMA actuator it becomes difficult to know the
current state and hence length of the SMA actuator itself.
[0013] Whilst such problems with the control of SMA
actuator are in general terms know, the problems are
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particularly acute where the SMA actuator is used to drive
movement of a small element, for example a camera lens
element particularly for a miniature camera for example
in which the lens(es) of the camera lens element have a
maximum diameter of 10mm. In this case, the resolution
of the positional control must be very fine because the
overall range of travel of the camera lens element is low
and yet the lens element must be controlled to a high
degree of accuracy to provide proper focussing.
[0014] The first aspect of the present invention is con-
cerned with providing accurate control of an SMA actu-
ation arrangement for driving a camera lens element giv-
en these problems.
[0015] According to a first aspect of the present inven-
tion, there is provided a method of controlling an SMA
actuator apparatus comprising an SMA actuator ar-
ranged on contraction due to heating to drive movement
of a movable element, in which method heating of the
SMA actuator is performed by passing a current through
the SMA actuator, the method comprising: a first heating
step of heating the SMA actuator from a state in which it
is not contracted, whilst monitoring the resistance of the
SMA actuator, until a first maximum in the resistance of
the SMA actuator is detected, the resistance value of the
first maximum being stored; a scan step of further heating
the SMA actuator to cause the SMA actuator to contract,
whilst monitoring a signal which varies with the position
of the movable element, the value of the resistance of
the SMA actuator when the signal is at an acceptable
level being measured and stored; a cooling step of cool-
ing the SMA actuator back into a state in which it is not
contracted; a second heating step of heating the SMA
actuator, whilst monitoring the resistance of the SMA ac-
tuator, until a second maximum in the resistance of the
SMA actuator is detected; deriving a target resistance
value equal to the stored value of the resistance of the
SMA actuator when the signal is at an acceptable level
adjusted by an adjustment which is determined on the
basis of the resistance values of the first and second
maximums; and a seek step of further heating the SMA
actuator, whilst monitoring the resistance of the SMA ac-
tuator, until the monitored resistance value reaches the
target resistance value. Further according to the first as-
pect of the present invention, there is provided a control
system implementing a similar method.
[0016] The first aspect of the present invention utilizes
the measured resistance of the SMA actuator as a meas-
ure of the length of the SMA actuator and hence the po-
sition of the movable element. In particular, during the
seek step, the SMA actuator is heated until the resistance
of the SMA actuator reaches the target resistance value,
for example using a feedback control technique. The use
of resistance has a considerable advantage of being ac-
curate and being straightforward to implement by the pro-
vision of additional electronic components supplement-
ing the control circuit needed to provide the current which
heats the SMA actuator. In contrast, direct measurement
of the position of the movable element requires a position

sensor which is bulky in the context of a miniature device.
Also, measurement of the temperature of the SMA actu-
ator is difficult to implement with sufficient accuracy.
[0017] However, it has been appreciated that the re-
sistance of the SMA actuator does not by itself provide
an accurate measure of position because there is hys-
teresis between the measured resistance and the actual
position. This problem of hysteresis has been overcome
by use of a flyback technique. In particular, the value of
the resistance of the SMA actuator when the signal which
varies with the position of the movable element is at an
acceptable level is stored during a preliminary scan step
and the target resistance value is derived therefrom.
However, the SMA actuator is returned to the target re-
sistance value only after a flyback step during which the
SMA actuator is cooled to be returned to a state in which
it is not contracted. Thus in both the scan step and the
seek step, the SMA actuator is heated. As a result, the
variation of the resistance of the SMA actuator varies
with the length of the SMA actuator in the same repeated
manner so that the flyback technique makes it possible
to return the camera lens element to the same position.
[0018] However, it has been further appreciated that
the accuracy of the control can be further improved by
adjusting the stored value of the resistance of the SMA
actuator when the signal is at an acceptable level to de-
rive the target resistance value rather than by using the
stored value of the resistance of the SMA actuator itself
as the target resistance value. This is for the following
reason. Although the stored value of the resistance of
the SMA actuator provides for reasonably accurate con-
trol, it has been appreciated that some degree of inac-
curacy arises from creep. That is to say over time the
degree of contraction of the SMA actuator at a given re-
sistance is subject to creep, or conversely the resistance
of the SMA actuator at a given degree of resistance is
subject to creep. It is hypothesized that the source of the
creep is as follows.
[0019] In any actual physical implementation, the SMA
actuator has thermal dead-spots which do not heat as
rapidly as the bulk of the SMA actuator. Typically, these
thermal dead-spots are caused by other material with a
significant thermal mass near the SMA actuator which
prevents portions of the SMA actuator from heating up,
most notably the members which make a mechanical
and/or electrical connection to the SMA actuator, which
are typically crimps in the case of SMA wire. The thermal
dead-spots take much longer to heat up than the remain-
der of the SMA actuator. In the control cycle in accord-
ance with the first aspect of the invention including a scan
step a cooling step and a seek step, typically these ther-
mal dead-spots heat up between the scan step and the
seek step but without ever reaching a sufficient temper-
ature to contract themselves. As a result the thermal
dead-spots have an increased resistance in the seek
step, as compared to the scan step, which increased re-
sistance contributes to the overall monitored resistance
of the SMA actuator but without the thermal dead-spots

3 4 



EP 2 140 138 B1

4

5

10

15

20

25

30

35

40

45

50

55

contributing any contraction to the SMA actuator. This is
a source of inaccuracy if the monitored resistance is used
to control the heating of the SMA actuator. In effect, when
the resistance of the thermal dead-spots increases, extra
heating of the SMA actuator is applied to decrease the
overall resistance, but this extra heating causes contrac-
tion which is unnecessary as the increase in resistance
of the thermal dead-spots does not signify any reduction
in the contraction of the SMA actuator.
[0020] This problem is solved by deriving a target re-
sistance value equal to the stored value of the resistance
of the SMA actuator when the signal is at an acceptable
level adjusted by an adjustment which is determined on
the basis of the resistance values of the first and second
maximums. Any creep between the scan step and seek
step, as described above, will result in the maximum of
the resistance value detected at the beginning of the seek
step being greater than the maximum of the resistance
value detected at the beginning of the scan step due to
the increased resistance of the thermal dead-spots.
Therefore, the difference between the maximums is in-
dicative of the creep in resistance and can be used as
the basis for adjusting the stored resistance value to de-
rive the target resistance value used in the seek step.
[0021] The adjustment may be calculated with a most
significant term equal to the resistance value of the sec-
ond maximum minus the resistance value of the first max-
imum because this represents the creep in resistance
between the scan step and the seek step.
[0022] However, the maximums are detected at the
beginning of the scan and seek steps and there may be
further creep over the course of the seek step. To com-
pensate for this the adjustment may be calculated with
further term which varies across the range of contraction
of the SMA actuator.
[0023] The second aspect of the present invention is
concerned with handling creep when controlling an SMA
actuator on the basis of its resistance. Use resistance of
the SMA actuator as a measure of the position has sev-
eral advantages. One considerable advantage is being
accurate and being straightforward and compact to im-
plement, simply by providing additional electronic com-
ponents supplementing the control circuit needed to pro-
vide the current which heats the SMA actuator. In con-
trast, direct measurement of the position of the movable
element requires a position sensor which is bulky in the
context of a miniature device. Also, measurement of the
temperature of the SMA actuator is difficult to implement
with sufficient accuracy.
[0024] However, it has been appreciated that over time
the degree of contraction of the SMA actuator at a given
resistance is subject to creep, or conversely the resist-
ance of the SMA actuator at a given degree of resistance
is subject to creep.
[0025] According to a second aspect of the present
invention, there is provided an SMA actuator comprising:

an SMA wire;

a member mechanically connected to the SMA wire;
and
electrically conductive material extending along on
a portion of the SMA wire which is in contact with,
and extends from, the member and being in electrical
connection with the SMA wire, the conductive mate-
rial having a resistance per unit length less than the
resistance per unit length of the SMA wire.

[0026] The conductive material reduces creep. This is
for the following reasons.
[0027] It is hypothesized that a major source of the
creep is as follows. The SMA wire is mechanically and
electrically connected to a member, typically by crimping.
When a current is passed through the SMA wire to cause
heating, the member sinks heat from the SMA wire. Thus
a portion of the SMA wire extending away from the mem-
ber forms a thermal dead-spot which heats more slowly
than the bulk of the SMA wire. There will be periods when
the SMA actuator is heated from cold that the thermal
dead-spot contributes to the overall monitored resistance
of the SMA actuator but without contributing any contrac-
tion to the SMA actuator. This is a source of creep if the
monitored resistance is used to control the heating of the
SMA actuator. For example in practice it may be ob-
served that if the control system attempts to maintain the
resistance constant then there is creep in the actual po-
sition of the movable object.
[0028] The problem of the portion of the SMA wire ex-
tending away from the member forming a thermal dead-
spot is reduced by the provision of electrically conductive
material extending along that portion of the SMA wire.
The conductive material is in electrical connection with
the SMA wire and has a resistance per unit length less
than the resistance per unit length of the SMA wire. Con-
sequently the conductive material effectively acts as a
short to the current flow through the end portion of the
wire. As a result that portion of the wire is not substantially
heated and therefore does not contract. Similarly that
portion of the wire does not substantially contribute to
the monitored resistance of the SMA wire. Thus the creep
arising from this portion of the wire is significantly re-
duced.
[0029] Advantageously, the conductive material has a
resistance per unit length less than the resistance per
unit length of the SMA wire by at least an order of mag-
nitude. Such low resistances may be achieved by select-
ing a conductive material which has low resistivity, for
example at least 50 times less than the resistivity of the
material of the SMA wire. This is easily achievable with
many common metals, for example silver, gold or copper.
The conductive material may advantageously be applied
as a coating. Resistivity of the common SMA material
Nitinol is of the order of 160 to 5000 times higher than
that of ordinary metals. Even assuming the lowest resis-
tivity ratio, a coating thickness of less than one-thirtieth
of the wire radius should suffice to stabilise the resistance
in the end portion.
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[0030] The third aspect of the present invention is con-
cerned with reducing failure of an SMA actuator compris-
ing SMA wire. In many applications including cameras,
it is desirable for the SMA actuator to have a long life
time, typically of the order of hundreds of thousands of
cycles.
[0031] According to a third aspect of the present in-
vention, there is provided an SMA actuator comprising:

an SMA wire;
a member mechanically connected to the SMA wire;
and
additional material applied over the SMA wire in con-
tact with the member and the SMA wire, the addi-
tional material reducing mechanical stresses in the
SMA wire.

[0032] It has been appreciated that when SMA wire is
mechanically connected to member, for example by
crimping, and operated repeatedly over a large number
of cycles, one of the main causes of failure is fatigue in
the SMA material at or close to the connection to member
leading to early fracture of the SMA material. This can
result in a proportion of manufactured SMA actuators fail-
ing before their desired lifetime. This is a particular prob-
lem as the thickness of the SMA actuator is reduced, say
to thicknesses around 50Pm or less, such reduction of
thickness being desirable in itself in order to speed up
cooling and thereby reduce response times.
[0033] In accordance with the present invention, such
fatigue is reduced by the application of additional material
over the SMA wire in contact with the member and the
SMA wire to reduce mechanical stresses in the SMA wire.
It is hypothesized that the fatigue is reduced as follows.
The fatigue is associated with buckling of the SMA wire
where it emerges from the connection with the member,
the buckling being associated with the dynamic forces
on the SMA wire at this location, perhaps initiated by tiny
surface nicking of the SMA wire. These effects are re-
duced by the support provided by the additional material
at this location.
[0034] All the aspects of the invention have particular
application to a miniature camera lens element which
includes one or more lenses having a diameter of at most
10mm.
[0035] The various aspects of the invention and the
features thereof may be used together in any combina-
tion.
[0036] To allow better understanding, an embodiment
of the present invention will now be described by way of
non-limitative example with reference to the accompa-
nying drawings, in which:

Fig. 1 is a schematic cross-sectional view of a cam-
era incorporating an SMA actuation arrangement;
Fig. 2 is a detailed perspective view of the camera;
Fig. 3 is an exploded perspective view of part of the
camera;

Fig. 4 is a perspective view of an SMA actuator of
the camera;
Fig. 5 is a detailed cross-sectional view of the cam-
era;
Fig. 6 is a schematic diagram of the overall control
arrangement of the camera;
Fig. 7 is a diagram of the control circuit;
Fig. 8 is a graph of the resistance-length property of
SMA during contraction;
Figs. 9 and 10 are diagrams of two possible circuit
implementations for the control circuit;
Fig. 11 is a flow chart of control algorithm implement-
ed in the control circuit;
Fig. 12 is a graph of the resistance of the SMA over
time with the control algorithm of Fig. 11;
Fig. 13 is a perspective view of the SMA wire having
a coating;
Fig. 14 is a cross-sectional view of the SMA wire
having a coating; and
Fig. 15 is a cross-sectional view of the SMA wire
having an applied supporting material.

[0037] There will first be described the structure of a
camera 1 incorporating an SMA actuation apparatus.
[0038] The camera 1 is shown schematically in Fig. 1.
The camera 1 comprises a support structure 2 which has
a base portion 3 on which there is mounted an image
sensor 4 which may be CCD (charge-coupled device) or
a CMOS (complimentary metal-oxide-semiconductor)
device. The support structure 2 further comprises an an-
nular wall 5 protruding from the front side of the base 3
on which the image sensor 4 is mounted. The support
structure 2 may be made of plastic.
[0039] The camera 1 further comprises a lens element
6 which holds a lens system 7 consisting of one or more
lenses 8. By way of example, the lens system 7 is shown
in Fig. 1 as consisting of two lenses 8 but in general there
may be a single lens 8 or plural lenses 8 as needed to
provide the desired balance of optical performance and
low cost. The camera 1 is a miniature camera with the
lenses 8 of the lens system 7 typically having a diameter
of at most 10mm. The lens element 6 is arranged with
the optical axis O of the lens system 7 perpendicular to
the image sensor 4. In this manner, the lens system 7
focuses light onto the image sensor 4.
[0040] The lens element 6 is suspended on the support
structure 2 by a suspension system 9 consisting of two
suspension elements 10 connected between the annular
wall 5 of the support structure 2 and the lens element 6.
The suspension system 9 guides movement of the lens
element 6 along the optical axis O. Such movement of
the lens element 6 changes the focus of the image formed
on the image sensor 4.
[0041] The detailed construction of the camera 1 will
now be described with reference to Fig. 2 which is a de-
tailed perspective view omitting the base 3 of the support
structure 2.
[0042] The lens element 6 has a two-part construction
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comprising a lens carrier 20 and a lens holder 21 mounted
inside the lens carrier 20 on an internal screw thread 22
formed inside the lens carrier 20. Typically the lens holder
21 has a diameter of 6.5mm. Fixed to the lower rim of
the lens carrier 20 is a metal ring 14 described further
below. The lens carrier 20 is connected to the suspension
system 9 to suspend the lens element 6. The lens holder
21 mounts the one or more lenses 8 of the lens system
7. Both the lens carrier 20 and the lens holder 21 may
be made from moulded plastic.
[0043] The suspension system 9 for the lens element
6 will now be described in detail. The suspension system
9 comprises two suspension elements 10 each formed
from a respective single sheet of material such as steel
or beryllium copper cut into shape. One possibility is hard
rolled grade 302 austenetic steel which has the advan-
tage of providing a high yield stress. The suspension el-
ements 10 are mounted at opposite ends of the carrier
20. Whilst only one of the suspension elements 10 is
clearly visible in Fig. 2, both suspension elements 10
have an identical construction, as follows.
[0044] Each suspension element 10 comprises an in-
ner ring 11 connected to the lens carrier 20. In particular,
the inner ring 11 is connected to a respective end surface
of the lens carrier 20 so that it extends around the outer
circumference of the lens holder 21. Each suspension
element 10 further comprises an outer ring 12 connected
to the support structure 2. In particular, the outer ring 12
extends around and is connected to the end surface of
the annular wall 5 of the support structure 2.
[0045] Lastly, each suspension element 10 comprises
four flexures 13 which each extend between the inner
ring 11 and the outer ring 12. Thus the flexures 13 are
coupled at opposite ends to the lens element 6 and the
support structure 2. As viewed along the optical axis O,
the flexures 13 are inclined relative to the direction radial
of the optical axis O. Thus the flexures 13 extend around
the optical axis. The flexures 13 are disposed around the
lens carrier 20 at different radial positions with rotational
symmetry around the optical axis O. Furthermore, the
flexures 13 have a thickness along the optical axis O (that
is the thickness of the sheet of material from which the
suspension element 10 is made) which is smaller than
their width in a direction perpendicular to the optical axis
O. The suspension system 9 is designed with an appro-
priate number of flexures 13 of appropriate width, thick-
ness and length to provide the desired degree of stiffness
along the optical axis O and perpendicular thereto. The
flexures 13 typically have a thickness in the range from
25Pm to 100Pm. The number of flexures 13 may be
changed by varying the number of flexures 13 within a
suspension element 10 and/or by providing additional
suspension elements 10.
[0046] The flexures 13 are also curved along their
length as viewed along the optical axis O with three re-
gions of alternating curvature. By introducing such cur-
vature to the flexures 13, a degree of strain relief is added
to the structure. The tendency of the flexures 13 to plas-

tically deform is reduced and instead the flexures 13 have
a tendency to bend elastically. By introducing the outer
regions having opposite curvature to the central region,
the force imbalance is reduced and the stress developed
at the joints with the inner ring 11 and outer ring 12 are
reduced. Thus the flexures 13 become more compliant
in the planar direction without experiencing material fail-
ure. This is achieved without an unacceptable compro-
mise to the radial and axial stiffnesses. This allows the
suspension system 9 to accommodate the displacement
of the lens element 6 radially of the optical axis O caused
by mechanical impacts without causing permanent dam-
age to the flexures 13. To limit the displacement in this
direction, the camera 1 is provided with a small clearance,
for example of the order of 50Pm or less, between the
lens element 6 and the wall 5 of the support structure 2
so that the wall 5 of the support structure 2 acts as a stop
to limit the maximum displacement.
[0047] To maximize this effect the three regions of the
flexures 13 preferably have unequal lengths and curva-
ture, in particular with the central region having a greater
length and a lesser curvature than the outer regions. Ad-
vantageously, the central region has a length which is at
least twice the length of the outer regions, for example
with the ratio of the lengths of the three regions 1:2.5:1.
Advantageously, the central region has a curvature which
is at most half the curvature of the outer regions, for ex-
ample with the ratio of length to curvature of each region
being substantially the same so that the angles subtend-
ed by each region are substantially the same.
[0048] Optionally, each flexure 13 could be modified
to consist of a group of parallel flexures to allow the sus-
pension system 9 to be made more compliant radially of
the optical axis by reducing the width of each parallel
flexure. The practical limitation to this technique is the
minimum width to which the parallel flexures may be man-
ufactured.
[0049] The two suspension elements 10 suspend the
lens element 6 on the support structure 2 by means of
the flexures 13 being coupled between the lens element
6 and the support structure 2. Due to their configuration,
the flexures 13 accommodate movement of the lens el-
ement 6 along the optical axis O by flexing or bending.
When the lens element 6 moves along the optical axis
O, the inner rings 11 move along the optical axis O relative
to the outer rings 12 with consequent bending of the flex-
ures 13.
[0050] As the flexures 13 have a thickness parallel to
the optical axis O which is smaller than their width, the
flexures 13 are more compliant to bending in their thick-
ness direction than to bending in their width direction.
Accordingly, the flexures 13 provide the suspension sys-
tem 9 with a lower degree of stiffness against movement
of the lens element 6 relative to the support structure 2
along the optical axis O, than against movement of the
lens element 6 relative to the support structure 2 perpen-
dicular to the optical axis O.
[0051] Furthermore, the two suspension elements 10
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are spaced apart along the optical axis O and thus the
resistance to movement of the lens element 6 perpen-
dicular to the optical axis O also provides resistance to
tilting of the lens element 6.
[0052] Such resistance to off-axis movement and tilt-
ing of the lens element 6 is desirable because such off-
axis movement and tilting can degrade the optical per-
formance of the lens system 7 in focussing an image on
the image sensor 4.
[0053] The support structure 2, lens carrier 20 (includ-
ing the metal ring 14), the suspension elements 10 and
two stiffener elements 15 are manufactured as a sub-
assembly as will now be described with reference to Fig.
3. These components are arranged in a stack as shown
in Fig. 3. Location pins 16 formed on the support structure
2 and the lens carrier 20 locate in apertures 17 formed
in the suspension elements 10. While the complete stack
is compressed in a jig, adhesive is dispensed onto the
ends of each of the location pins 16, both on the top and
bottom of the stack. The preferred adhesive is a cy-
anoacrylate that is also UV curable. By capillary action
the adhesive soaks around the location pins 16, and
bonds the different layers to the support structure 2 and
the lens carrier 20. Once the adhesive has cured, the
subassembly can be removed from the jig. As an alter-
native to adhesive, it is possible to form the joints be heat
staking the location pins 16 to form a plastic head that
retains the parts mechanically.
[0054] Each stiffener 15 comprises two rings 18 which
respectively conform to, and stiffen, the inner ring 11 and
the outer ring 12 of a suspension element. The two rings
18 are joined together by sprues 19 which are removed
only after the subassembly has been assembled. The
use of the sprues 19 helps assembly in terms of jigging
the rings 18 of the stiffeners 15, and reduces the com-
ponent count, and hence part cost. Once the sprues 19
are removed, the lens carrier 20 can be moved upwardly
relative to the support structure 2 by an external load.
[0055] In addition, the camera 1 comprises an SMA
actuator 30 which is illustrated in isolation in Fig. 4. The
SMA actuator 30 comprises a piece of SMA wire 31 con-
nected at each end to a respective mounting member
32, each formed as an elongate piece of metal for exam-
ple brass. In particular the mounting members 32 are
each crimped over the ends of the piece of SMA wire 31.
[0056] During manufacture, the SMA actuator 30 is
made as a subassembly separately from the remainder
of the camera 1. In particular, the SMA actuator 30 is
manufactured by holding the mounting members 32 in
place, applying the piece of SMA wire 31 taut over the
mounting members 32 and then crimping the mounting
members 32 over the ends of the piece of SMA wire 31.
The SMA actuator 30 is then assembled into the camera
1 in the arrangement as follows.
[0057] The two mounting members 32 are each mount-
ed onto the outside of the annular wall 5 of the support
structure 2 and are fixed in place so that to connect the
piece of SMA wire 31 to the support structure 2. As shown

in Fig. 2, the mounting members 32 and 33 are mounted
in recesses 40 provided in the annular wall 5, for example
by adhesive, swaging of the wall 5 or some other means.
[0058] Furthermore, the piece of SMA wire 31 is con-
nected to the lens element 6 by being hooked over a
retaining element 41 which is an integral part of the metal
ring 14 fixed to the lens element 6 and protrudes out-
wardly of the lens element 6. The surface of the retaining
element 41 in contact with the piece of SMA wire 31 may
be curved to reduce the maximum curvature of the SMA
wire 31.
[0059] In the camera 1, the mounting members 32 and
33 are positioned on diametrically opposite points around
the optical axis O. The retaining element 41 is positioned
mid-way between the two mounting members 32 around
the optical axis O. As viewed along the optical axis, the
lengths 42 of SMA wire 31 extend at 90° to each other
along sides of the camera 1. After the assembly and in
equilibrium, the piece of SMA wire 31 can be held in place
with a small amount of adhesive, to ensure retention on
the retaining elements 41 during operation or drop test-
ing. This may be done after cycling of the SMA wire 31
to help eliminate assembly tolerances.
[0060] The retaining element 41 is arranged at a posi-
tion along the optical axis O which is closer to the image
sensor 4 than the portion of the mounting members 32
to which the piece of SMA wire 31 is crimped. As a result,
the two lengths 42 of SMA wire 31 formed by half of the
piece of SMA wire 31 on either side of the retaining ele-
ment 41 are held at an acute angle to the optical axis O.
Slippage over the retaining element 41 during assembly
assists in achieving equal lengths and tensions for the
two lengths 42 of SMA wire 31.
[0061] The lengths 42 of SMA wire 31 are held in ten-
sion in the camera 1 so that they apply a tensional force
having a component along the optical axis O, in particular
in a direction biassing the lens element 6 away from the
image sensor 4. This is used to drive movement of the
lens element 6 along the optical axis O as described be-
low.
[0062] In addition, each individual length 42 of SMA
wire 31 applies a tensional force having a component
perpendicular to the optical axis O. Some of the compo-
nents of these forces are balanced by the symmetrical
arrangement of the two lengths 42 of wire but there re-
mains a net component of force radially of the optical axis
O at the retaining element 41, this tending to tilt the lens
element 6. However, the tilt is resisted by the suspension
system 9 to be sufficiently small to be adequate for many
lenses and image sensors.
[0063] The operation of the camera 1 to drive move-
ment of the lens element 6 along the optical axis O relative
to the support structure 2 will now be described.
[0064] SMA material has the property that on heating
it undergoes a solid-state phase change which causes
the SMA material to contract. At low temperatures the
SMA material enters the Martensite phase. At high tem-
peratures the SMA enters the Austenite phase which in-
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duces a deformation causing the SMA material to con-
tract. The phase change occurs over a range of temper-
ature due to the statistical spread of transition tempera-
ture in the SMA crystal structure. Thus heating of the
lengths 42 of SMA wire 31 causes them to decrease in
length.
[0065] In the camera 1, the lengths 42 of SMA wire 31
are arranged in tension providing a net tensional force
along the optical axis O between the lens element 6 and
the support structure 2 in a direction moving the lens
element 6 away from the image sensor 4. This force acts
against the biassing force provided by the suspension
system 9 in the opposite direction along the optical axis
O. The flexures 13 flex depending on the tensional force
from the lengths 42 of SMA wire 31. The flexures 13 as
manufactured are straight as viewed radially of the optical
axis O. On flexing the flexures 13 remain generally
straight although some slight curvature may be generat-
ed. Thus the flexing of the flexures 13 provides biassing
of the camera lens element 6 in an opposite direction
from the tensional force applied by the lengths 42 of SMA
wire 31. In other words the suspension system 9 provides
the function of acting as a passive biassing arrangement
for the lengths 42 of SMA wire 31 as well as the function
of suspending and guiding movement of the camera lens
element 6.
[0066] In the unheated state of the SMA wire 31 in
which it is not contracted, the SMA wire 31 is in tension,
thereby displacing the lens element 6 away from its rest
position in the absence of the SMA wire 31. In this state,
the lens element 6 is in its closest position to the image
sensor 4 within its range of movement. The camera 1 is
designed so that this position corresponds to far-field or
hyperfocal focus, which is the most common setting for
the camera 1, particularly if an auto-focus function is pro-
vided.
[0067] On heating of the lengths 42 of SMA wire 31 so
that the stress therein increases, the lengths 42 of SMA
wire 31 contract moving the lens element 6 away from
the image sensor 4. The lens element 6 moves over a
range of movement as the temperature of the SMA wire
31 increases over the range of temperature in which the
transition of the material of the SMA wire from the Mar-
tensite phase to the Austenite phase occurs. Over this
range of movement, the lens element 6 focusses an im-
age on the image sensor 4 from successively closer dis-
tances. The camera 1 is designed so that the position of
the lens element 6 at the end of the range of movement
corresponds to a close-field focus, often referred to as a
macro focus.
[0068] Conversely, on subsequent cooling of the
lengths 42 of SMA wire 31 so that the stress therein de-
creases, the biassing provided by the flexures 13 causes
the lengths 42 of SMA wire 31 to expand moving the lens
element 6 towards the image sensor 4.
[0069] To maximise the movement of the lens element
6 relative to the support structure 2 along the optical axis
O, the total stiffness of the flexures 13 of the suspension

system 9 is preferably in the range from (a) the total stiff-
ness of the lengths 42 of SMA wire 31 experienced in
the austenite phase of the SMA material to (b) the total
stiffness of the lengths 42 of SMA wire 31 experienced
in the martensite phase of the SMA material, more pref-
erably the geometric mean of values (a) and (b).
[0070] It is desired that the total stiffness against move-
ment of the lens element 6 relative to the support struc-
ture 2 along the optical axis O, provided by the sum of
the stiffnesses of the flexures 13 and the lengths 42 of
SMA wire 31, is sufficiently great to minimize the move-
ment of the lens element 6 relative to the support struc-
ture 2 under gravity when the camera 1 changes between
orientations. For typical lens systems the movement is
desirably limited to at most 50Pm which for a typical min-
iature camera this means that the overall stiffness should
be at least 100N/m, preferably at least 120N/m.
[0071] The flexures 13 are designed with an appropri-
ate width to provide the desired stiffness against move-
ment of the lens element 6 relative to the support struc-
ture 2 in directions perpendicular to the optical axis O,
based on the extent to which the lens element 7 can
accommodate off-axis motion and tilting. The stiffness of
the lengths 42 of SMA wire 31 is also taken into account
but usually provides a smaller contribution.
[0072] Another design consideration is to ensure that
the maximum stress experienced by the flexures 13 and
the lengths 42 of SMA wire 31 do not over-stress the
respective materials.
[0073] The degree of displacement of the lens element
6 relative to the support structure 2 along the optical axis
O is dependent on the stress developed within the lengths
42 of SMA wire 31 and also on the acute angle of the
lengths 42 of SMA wire 31 with respect to the optical axis
O. The strain which may be developed in an SMA wire
31 is limited by the physical phenomenon of the phase
change. Due to the acute angles of the lengths 42 of SMA
wire 31 with respect to the optical axis O, the lengths 42
of the SMA wire 31 change in orientation when they
change in length. This effectively gears the movement
so that the degree of displacement of the lens element
6 along the optical axis O is higher than the change in
length of the lengths 42 of SMA resolved along the optical
axis O. In general the acute angle may take any value
but is approximately 70° in the example of Fig. 2.
[0074] The position of the lens element 6 relative to
the support structure 2 along the optical axis O may be
controlled by control of the temperature of the lengths 42
of SMA wire 31. In operation, heating of the lengths 42
of SMA wire 31 is provided by passing a current there-
through which provides resistive heating. Cooling is pro-
vided by ceasing (or reducing) the current and allowing
the lengths 42 of SMA wire 31 to cool by conduction to
the surroundings. The current is controlled by a control
circuit 50 which is described further below.
[0075] The SMA wire 31 may be made of any suitable
SMA material, for example Nitinol or another Titanium-
alloy SMA material. Advantageously, the material com-
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position and pre-treatment of the SMA wire 31 is chosen
so that the phase change occurs over a range of tem-
perature which is (a) above the expected ambient tem-
perature during normal operation, typically above 70°C
and (b) as wide as possible to maximise the degree of
positional control.
[0076] High speed actuation of the lens element 6 is
desired in many applications, for example if an auto-focus
function is provided. The speed of response of the actu-
ation is limited by the cooling of the lengths 42 of SMA
wire 31. The cooling may be speeded up by reducing the
thickness of the lengths 42 of SMA wire 31. For the size
of cameras and wires under consideration, the cooling
time changes approximately linearly with wire diameter.
For this reason, the thickness of the lengths 42 of SMA
wire 31 is desirably at most 35Pm to provide a response
which is acceptable for an auto-focus application of the
camera 1.
[0077] Fig. 5 shows in detail the camera 1 except omit-
ting the lens holder 21 for clarity. The additional compo-
nents of the camera 1 beyond those shown in Fig. 2 will
now be described.
[0078] The camera 1 has a screening can 44 clipped
and bonded over the wall 5 of the support structure 2.
The wall 5 is also bonded to the base 3 of the support
structure 2. In the direction along the optical axis O, there
are clearances between the lens element 6 and the
screening can 44 and between the lens element 6 and
the base 3 which allow sufficient movement of the lens
element 6 along the optical axis O to provide for focussing
of the image on the image sensor 4 whilst preventing a
degree of movement which would damage the suspen-
sion system 9 or the lengths 42 of SMA wire 31. Thus
the screening can 44 and the base 3 effectively form end-
stops for the movement of the lens element 6 along the
optical axis.
[0079] In fact the base 3 has a more complicated con-
struction than is shown schematically in Fig. 1. In partic-
ular the base 3 has a central aperture 45 behind which
the image sensor 4 is mounted. For mounting of the im-
age sensor 4, the base 3 has a ledge 45 formed to the
rear of the aperture 45 and outside the area of the aper-
ture 45. On the ledge 46 is mounted an image circuit
board 47 on which the image sensor 4 is formed facing
and aligned with the aperture 45 to receive light along
the optical axis O. Optionally the aperture 45 may have
an infra-red filter fitted thereacross to improve the image
quality, but also as a seal to prevent dust landing on the
image sensor 4.
[0080] The base 3 further includes a protruding wall
48 disposed outside the ledge 46 and protruding rear-
wardly. A drive circuit board 49 is mounted on the pro-
truding wall 48 and the drive circuit 50 is formed on that
drive circuit board. As an alternative, it is possible to use
an image circuit board 47 which is double-sided, with the
drive circuit 50 mounted on its underside. Another alter-
native is to integrate the control circuit 50 into the same
chip as the image sensor 4. Alternatively the same

processing function could be carried out by another proc-
essor in the electronic device outside the camera 1, but
already present for other purposes.
[0081] A camera of identical construction to the cam-
era 1 is described in co-owned International Patent Ap-
plication No. PCT/GB07/001050 containing additional
disclosure about the construction and manufacture which
may be applied to the camera 1. Numerous variations to
the design and manufacture of the SMA actuator 30 and
the actuation arrangement in the camera 1 are possible,
for example as described in International Patent Appli-
cation No. PGT/GB07/001050.
[0082] The nature of the control circuit 50 and the con-
trol effected thereby will now be described.
[0083] A schematic view of the overall control arrange-
ment is shown in Fig. 6. The control circuit 50 is connected
to the piece of SMA wire 31 and applies a current thereto
to control the temperature of the SMA wire 31 which
moves the lens element 6 and changes the focus of the
image formed on the image sensor 4. The output of the
image sensor 4 is supplied to the control circuit 50 to be
processed for determination of a measure of the quality
of focus.
[0084] The control circuit 50 is shown in Fig. 7. The
control circuit 50 is connected to each of the mounting
members 32 which provide electrical connection to the
piece by means of the crimping thereof.
[0085] The control circuit 50 supplies a current be-
tween the two mounting members 32. The control circuit
50 controls the degree of heating of the SMA wire 31 by
varying the power of the current flowing therethrough.
The control circuit 50 varies the power of the current in
response to the resistance of the piece of SMA wire 31
which is used as a measure of the position of the lens
element 6. Other measures of position such as the tem-
perature measured by a temperature sensor or a direct
measure of the position of the lens element 6 output by
a position sensor could be used, but a resistance sensor
is advantageous because it does not increase the pack-
age size of the camera due to being implemented merely
by additional components in the control circuit 50.
[0086] The physical phenomena behind the use of re-
sistance are as follows.
[0087] On heating of the SMA, there is an increase of
resistivity with temperature as for most materials. This
occurs inside and outside the range of temperature over
which the phase-change occurs (the phase transition
range) and hence over which the SMA contracts. How-
ever inside the phase transition range two further effects
occur. Firstly, the Austenite phase has a higher resistivity
than the Martensite phase which tends to increase re-
sistance with temperature. However, an opposing effect
is that the change of geometry, involving a reduced length
and increased cross-sectional area, tends to reduce re-
sistance with temperature. This opposing effect is signif-
icantly greater than the other effects. Thus, during heat-
ing from low temperature, when the phase transition
range is reached and the SMA starts to contract, after an
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initial rise of resistance the geometrical effect rapidly
dominates with the result that during the major part of
the contraction the resistance of the SMA actuator de-
creases. This occurs until the phase change has oc-
curred in nearly all of the SMA so that the degree of con-
traction falls allowing the resistance to rise.
[0088] Thus, SMA has a property that resistance varies
with length during heating and contraction along a curve
of the form shown in Fig. 8 which is a graph of resistance
of the SMA against length of the SMA, corresponding to
the position x of the lens element 6, the length increasing
as the SMA contracts corresponding to increasing tem-
perature. Thus across the phase transition range, the
lens element 6 moves across a positional range ∆x due
to the contraction of the SMA. The resistance rises across
a small initial part of the positional range ∆x to a local
maximum 60 having a resistance value Rmax. The re-
sistance falls across the major part of the positional range
∆x to a local minimum 61 having a resistance value Rmin,
whereafter the resistance rises across a small final part
of the positional range ∆x.
[0089] Due to this property of SMA material, the control
circuit 50 implements control based on the measured re-
sistance as follows. From an unheated state, the control
circuit 50 heats the SMA wire 31 until the local maximum
resistance value is detected. This is used as an indication
that contraction has started to occur. In fact a small
amount of contraction has already occurred. However
the local resistance maximum 60 can be easily detected,
whereas the start of the positional range ∆x cannot. Ac-
cordingly, the local resistance maximum 60 is used and
this is so close to the start of the positional range ∆x that
the loss of movement is not significant.
[0090] Thereafter the control circuit 50 heats the SMA
wire 31 using the measured resistance as a measure of
position. The local minimum resistance 61 is used to in-
dicate the end of the positional range ∆x. In fact, a small
amount of contraction is still available. However the local
minimum resistance 61 can be easily detected, whereas
the end of the positional range ∆x cannot. Accordingly,
the local minimum resistance 61 may be used. This is so
close to the end of the of the positional range ∆x that the
loss of movement is not significant.
[0091] The control circuit 50 uses pulse-width modu-
lation (PWM). In particular, the control circuit 50 applies
a pulse-width modulated current pulses (which may be
of constant current or constant voltage) and varies the
duty cycle in order to vary the power of the current applied
and hence the heating. Use of PWM provides the advan-
tage that the amount of power supplied may be accurately
controlled with a fine resolution. This method provides a
high signal-to-noise ratio, even at low drive power. The
PWM may be implemented using known PWM tech-
niques. Typically, the control circuit 50 will continually
supply a pulse of current, for example with a duty cycle
varying in the range from 5% to 95%. When the duty
cycle is at a low value within this range, the average pow-
er in the piece of SMA wire 31 is low and so the wire

cools even though some current is being supplied. Con-
versely, when the duty cycle is at a high value in the
range, the SMA wire 31 heats. The resistance is meas-
ured during the current pulse, for example after a short,
predetermined delay from the start of the pulse.
[0092] During heating of the SMA wire 31 from a cool
state below the phase transition range, the resistance
varies with position in the manner shown in Fig. 8 in a
manner which is consistent from sample to sample and
in successive heating cycles. However, during cooling
the resistance changes along a curve of similar form but
the variation of resistance is less repeatable from sample
to sample and there is variable hysteresis as compared
to the heating. This does not prevent the use of resistance
as a measure of position during cooling altogether, but
does reduce the accuracy of the control. This problem is
avoided by the control circuit 50 following a predeter-
mined and repeated motion in which positional control is
only effected during heating of the sample as described
below.
[0093] The control circuit 50 includes the following
components as shown in Fig. 7.
[0094] The control circuit 50 includes a current source
53 which is connected to supply current to the piece of
SMA wire 31. The current source 53 may be a constant-
voltage current source or a constant-current current
source. For example, in the latter case the constant cur-
rent might be of the order of 120mA.
[0095] The control circuit 50 further includes a detec-
tion circuit 54 arranged to detect the resistance of the
piece of SMA wire 31.
[0096] In the case that the current source 53 is a con-
stant-current current source, the detection circuit 54 may
be a voltage detection circuit operable to detect the volt-
age across the piece of SMA wire 31 which is a measure
of the resistance of the piece of SMA wire 31.
[0097] In the case that the current source 53 is a con-
stant-voltage current source, the detection circuit 54 may
be a current detection circuit, but is preferably a Wheat-
stone bridge arrangement operable to measure the re-
sistance directly.
[0098] A controller 52 implemented by a suitable mi-
croprocessor controls the current source 53 to supply a
pulse-width modulated current. The controller 52 re-
ceives the resistance measured by the detection circuit
54 and performs the PWM control in response thereto.
[0099] Two detailed circuit implementations for the
control circuit 50 are shown in Figs. 9 and 10.
[0100] The first circuit implementation of Fig. 9 is cheap
but has limited performance. In particular, the current
source 53 is a constant-current current source imple-
mented using a simple arrangement of bipolar transistors
120. The voltage detector circuit 54 is formed as a simple
bridge arrangement of a pair of diodes 121 and a resistor
122.
[0101] The second circuit implementation of Fig. 10 is
more accurate but is more expensive. In particular, the
current source 53 is a constant-current current source
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implemented by a MOSFET transistor 123 controlled by
an operational amplifier 124. The detection circuit 125 is
implemented by a bridge arrangement of two resistors
125, the output of which is amplified by an operational
amplifier 126. The operational amplifier 126 allows the
A/D convertor of the controller 52 to make use of its full
dynamic range.
[0102] The control circuit 50 monitors the resistance
of the piece of SMA wire 31 detected by the detector
circuit 54 and varies the power of the current using the
measured resistance of the SMA actuator as a feedback
signal to drive the measured resistance to a target value.
In particular, the duty cycle of the pulse-width modulated
current is varied. The controller 52 may implement a
number of control algorithms to vary the duty cycle. One
possibility is proportional control in which the duty cycle
is varied by an amount proportional to the difference be-
tween the detected resistance and the target resistance.
As the SMA wire 31 heats across the active temperature
region, the decrease in resistance is sensed and used in
a feedback control technique. The stability of the feed-
back control is maintained by the inherent proportional-
integral action of the SMA wire 31 itself during heating.
The overall feedback response is dominated by the re-
sponse of the whole of the heating of the SMA wire 31.
Such a proportional control feedback loop provides for
accurate control of position.
[0103] The SMA wire 31 may have some non-lineari-
ties in its response. Such non-linearities may be limited
by incorporating precompensation in the control circuit
50. One option is for the precompensation to consist of
a gain or offset modifier on the output signal supplied to
the current source 53, for example based on the demand
and the history of the demand signal. This is most ben-
eficial if insufficient feedback is present to control the
SMA wire 31.
[0104] The control circuit 50 implements an autofocus
algorithm. In this case, the control may be based on a
measure of the quality of focus of the image, for example
a modulation transfer function or a spatial frequency re-
sponse, derived by the controller 52 from the image signal
from the image sensor 4. A wide range of suitable meas-
ures are known and any such measure may be applied.
However, there is a limitation that the derivation of the
measure of the quality of focus is slow. To combat this,
during a scan across many focus positions, at the desired
focus position at which the measure of the quality of focus
is at an acceptable level, desirably the best focus, the
control circuit 50 may determine and store the resistance
value. Then at the end of the scan the lens element 6 is
driven back to the same position of the basis of that stored
resistance value rather than the focus measure.
[0105] An example of a control algorithm which may
be performed by the controller 52 is shown in Fig. 11 and
will now be described. By way of illustration, reference
is also made to Fig. 12 which illustrates an example of
the change in resistance of the lens element 6 with time.
[0106] In step S1, power is supplied to the camera 1

and the control circuit 50. The unheated SMA wire 31 is
in the Martensite phase and is therefore not contracted.
[0107] In step S2, a command to capture an image is
awaited. After receiving the command, there is performed
a focus scan operation O1, followed by a focus seek op-
eration 02.
[0108] The focus scan operation O1 comprises the fol-
lowing steps.
[0109] In step S3, the control circuit 50 performs a first
heating step of heating the SMA wire 31 from its unheated
state. Initially the heating is achieved by the control circuit
50 supplying pulse-width modulated current with the
maximum duty cycle. Thus the resistance rises as shown
by the curve 71. As the heating continues, a local maxi-
mum resistance 72 is encountered, corresponding to the
local resistance maximum 60 in Fig. 8. During the heating
in step S3, the controller 52 monitors the resistance of
the piece of SMA wire 31 detected by the detector circuit
54 to detect the local maximum resistance 72. The first
resistance value Rmax1 of the local maximum resistance
72 is stored.
[0110] On detection of the local maximum resistance
72, in step S4 there are derived a series of target values
73, 74. Firstly an upper target value 73 is derived from
the resistance value of the detected local maximum re-
sistance 72. The upper target value 73 may be the re-
sistance value of the local maximum resistance 72 de-
tected in step S3, but is more preferably that resistance
value less a predetermined decrement where the greater
slope of the curve shown in Fig. 8 allows for more accu-
rate positional control. Then a predetermined number of
further target values 74 at predetermined decrements
below the upper target resistance value are derived. In
Fig. 12, a limited number of further target values 74 are
shown for ease of illustration, but in general there may
be any number of target values 73, 74. Indeed a particular
advantage of the camera 1 is that it is possible to achieve
accurate positional control to a large number of positions.
[0111] The target values 73, 74 may be disposed lin-
early across the range, but there could alternatively be
an unequal spread for example concentrated in a partic-
ular part of the range.
[0112] In steps S5 to S7, there is performed a scan
step of scanning across the series of target values. This
is achieved by setting in step S5 successive ones of the
series of target values to the feedback control loop so
that the SMA wire 31 is heated to that one of the target
values. Thus in Fig. 12, the resistance is driven to suc-
cessive plateaus 75 each at the level of one of the target
values 73, 74. As the target values 73, 74 successively
decrease, the temperature of the SMA wire 31 is raised
monotonically.
[0113] It is possible that during step S5 a local mini-
mum resistance 76 is encountered, corresponding to the
local resistance minimum 61 in Fig. 8, that is if the resist-
ance Rmin of the local resistance minimum 61 is below
the current target value 74 of resistance. This is illustrated
for example in Fig. 12. During the heating in step S5, the
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controller 52 monitors the resistance of the piece of SMA
wire 31 detected by the detector circuit 54 to detect the
local maximum resistance 76. If this is detected, the
method proceeds to step S8.
[0114] After the measured resistance has reached a
given target value 73, 74 in step S5, then in step S6 an
image is captured by the image sensor and a measure
of the quality of the focus of the image signal output by
the image sensor 4 is derived and stored in the memory
of the controller 52 together with the associated target
values 73, 74 of resistance.
[0115] In step S7, it is determined whether there are
any remaining target values 74 in the series. If so, and
provided the local resistance minimum has not been de-
tected, the method returns to step S5 so that the process
is repeated for each of the target values 73, 74. In this
way, as the SMA wire 31 is heated during the scanning,
the quality of focus of the image signal is monitored.
[0116] Step S8 is reached if the local maximum resist-
ance 76 is detected in step S5 or it is determined in step
S7 that there are no remaining target values 74. In step
S8, the stored measures of focus quality are used to de-
rive a focus value of the control signal at which the focus
quality is at an acceptable level. Most simply this is done
by selecting one of the plurality of test values having the
best measure of focus quality. As an alternative, it is pos-
sible to predict the value of the resistance which would
provide the best focus from the test values using a curve-
fitting technique. Thus the focus value need not be one
of the test values. The curve fit may be a simple mathe-
matic equation such as an Mth order polynomial where
M>1 or instead could be chosen as a best-fit to a curve
taken from a library of curves premeasured from repre-
sentative scenes. The focus value is stored in the mem-
ory of the controller 52 for subsequent use. Fig. 12 illus-
trates an example for the stored focus value 80.
[0117] Instead of determining the focus value 80 after
steps S5 to S7, it could alternatively be determined on-
the-fly during steps S5 to S7.
[0118] The focus seek operation 02 comprises the fol-
lowing steps.
[0119] In step S9, flyback occurs. In particular, the con-
trol circuit 50 performs a cooling step of allowing the SMA
wire 31 to cool back into the Martensite phase in which
it is not contracted. This may be achieved by applying a
pulse-width modulated current with a minimum duty cy-
cle, although it could alternatively be achieved by apply-
ing no current at all. The transformation into the Marten-
site phase indicating the end of the flyback phase can be
detected by the controller 52 monitoring the voltage
measured by the detector circuit 54. Alternatively, the
flyback phase can simply be maintained for a pre-deter-
mined time selected to be sufficiently long to allow the
SMA wire 31 to cool under any expected operating con-
ditions. The flyback is shown by the curve 81 in Fig. 12.
[0120] Next, in step S10 the control circuit 50 performs
a second heating step of heating the SMA wire 31 from
its unheated state. The heating is achieved by the control

circuit 50 supplying pulse-width modulated current with
the maximum duty cycle. Thus the resistance rises as
shown by the curve 82. As the heating continues, a local
maximum resistance 83 is encountered, corresponding
to the local resistance maximum 60 in Fig. 8. During the
heating in step S10, the controller 52 monitors the resist-
ance of the piece of SMA wire 31 detected by the detector
circuit 54 to detect the local maximum resistance 83. The
second resistance value Rmax2 of the local maximum
resistance 83 is stored.
[0121] In step S11 a target resistance value 85 is de-
rived based on the stored focus value 80. As the aim is
to return the lens element 6 to the same position corre-
sponding to the stored focus value 80 determined in the
focus seek operation O1, the target resistance value 85
should be substantially the same value as the stored fo-
cus value 80. However, in fact the target resistance value
85 is derived as the stored focus value 80 plus an ad-
justment to compensate for creep as described further
below
[0122] In step S12, the control circuit 50 performs a
seek step of heating the SMA wire 31 to return it to the
position corresponding to the target resistance value 85
determined in step S11. This is achieved by the control
circuit 52 applying the feedback control technique with
the stored focus value 80 being used as a target resist-
ance value 85 so that the measured voltage across the
piece of SMA wire 31 used as the feedback signal is
driven to that target resistance value 85. The temperature
rise is again monotonic, as in the focus scan operation
O1. Thus in Fig. 12 during the heating the resistance
changes as shown by the curve 82 and then is driven to
a plateau 84 at the level of the target resistance value 85.
[0123] As discussed above, as a result of the flyback
technique achieved by the inclusion of step S9, the target
resistance value 85 is approached on the heating cycle
and thus the problem of hysteresis in the SMA wire 31
is overcome. Accordingly the lens element 6 is known to
be at the position substantially corresponding to the
stored focus value 80.
[0124] As the image is now properly focussed, in step
S13 an image is captured by the image sensor 4. The
captured image is stored in a memory.
[0125] Of course the orders of the various steps per-
formed in the methods of Figs. 11 and 13 are merely an
example and may be varied. For example, the focus scan
operation O1 may be performed independently of the fo-
cus seek operation 02 and the step S 13 of capturing an
image.
[0126] The resistance of the SMA wire 31 provides a
good and reliable measure of the position of the lens
element 6. However whilst the resistance of the SMA
wire 31 is a good measure of position, it has been ap-
preciated that some degree of inaccuracy arises from
creep, that is creep over time of the degree of contraction
of the SMA actuator at a given resistance, or conversely
of the resistance of the SMA actuator at a given degree
of resistance.
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[0127] In any SMA actuator such as the SMA actuator
30 in the camera 1, where SMA resistance feedback is
used for precise position control, there are multiple caus-
es of sensed SMA resistance some of which are not re-
lated to the overall contraction of the actuator. Thus if a
positioning system bases its position reference solely on
SMA resistance feedback, and when attempting to hold
a steady load position against either varying loads, or
ambient temperature changes for example, then in prac-
tice, the actual load position can change whilst the SMA
resistance remains constant. This is a form of position
error. Typically what is seen is that even if ambient tem-
perature conditions and load forces remain constant, the
load position will drift slowly off the set position over a
time scale characterised by one or more time-constants
Tc1, Tc2, etc. This phenomenon is called creep herein.
Creep is typically caused by slow thermal changes in the
actuator system as a whole, where the time-constants
Tci, i=1,2... just referred to, typically have values greater
or much greater than the intrinsic thermal time-constant
of the SMA element itself, Tcs.
[0128] One form of creep is a gradual variation over
the lifetime of the SMA wire, due to physical changes in
the SMA wire 31 and apparatus 1 over time. However
this effect is so slow as to be irrelevant in the context of
a single cycle. For example in a given camera 1, the local
resistance maximum 60 and minimum 61 might be 12Ω
and 10Ω after manufacture changing over the course of
several hundred thousand cycles 20Ω and 15Ω but for
any given cycle this drift is not significant.
[0129] However, there are other forms of creep caused
by thermal effects which are more rapid and therefore
affect the control. These effects will now be described
with reference to SMA elements in general, but they apply
also to the specific example of the SMA wire 31 in the
camera 1.
[0130] A first effect is due to the electro-mechanical
terminations of the SMA element (eg the SMA wire 31 in
the camera 1) itself. The SMA element must be mechan-
ically attached to the movable element and to some other
mechanical support structure, typically a chassis or frame
(at least one connection at each active end). The mem-
bers making these mechanical connections (eg the
mounting members 32 and the retaining element 41 in
the camera 1) will in general have thermal conductivity
and thermal capacity as well as mechanical strength.
[0131] On heating, the bulk of the SMA element heads
towards a working temperature with time constant Tcs,
and a corresponding shape change occurs in the bulk of
the element, causing movement of the movable element.
However, the mechanical connections sink heat from the
SMA element causing the portions of SMA near the ter-
minations (which may also be the electrical terminals) to
be at a lower temperature than the bulk of the active SMA
element. These portions of the SMA element can even
fail to reach a temperature sufficient to cause the phase
change and so experience no significant shape change,
especially when first heated after a period of inactivity.

After some period determined by the history of heating
and by the total thermal conductivity of the members and
the thermal capacity of the members, the members and
hence the connected portions of the SMA element can
begin to reach a temperature sufficient to cause the
phase change, and over this period a corresponding
shape change will occur in this portion of the SMA ele-
ment. Similarly upon removing the external heating, the
bulk of the SMA element will rapidly fall in temperature
with the same time constant Tcs and stabilise, but now
the thermal capacity and thermal conductivity of the
members will tend to maintain a higher temperature in
the connected portions of the SMA element. Thus the
portions of the SMA element connected to members, al-
though generally being only a small fraction of the total
SMA element will experience a degree of contraction
which lags that in the bulk of the SMA element. These
changes will manifest as creep.
[0132] A second effect is caused by material other than
the members connected to the SMA element with signif-
icant thermal mass that comes into close thermal contact
with any section of the SMA element. Examples of such
are: pulleys, guides or hooks around which the SMA el-
ement may by design be constrained to deform, to alter
its direction in space in normal operation; and casings or
frames of the SMA actuator system(or of the device in
which the actuator is situated) which are in close prox-
imity to the heated section of the SMA element. Such
material will absorb heat from the SMA element when
the latter is heated (and thus tend to cool proximal sec-
tions of the SMA element) and which will tends to dump
heat to such proximal sections of the SMA element after
the SMA element is otherwise cooled by cessation of the
heating thus warming the SMA element. All such material
will have in general different (and usually longer) thermal
time-constants than the SMA element itself, and the ther-
mal lags in both directions (heating and cooling) on sec-
tions of the SMA element will contribute to the observed
creep in the actuator system.
[0133] A third effect is that convection currents will form
in the fluid atmosphere (ie air) surrounding the SMA el-
ement, depending on the orientation relative to gravity.
These currents will take significant time to form and build
up after the onset of heating, and to be slow to cease
after cessation of heating. Thus such currents will deliver
and remove heat from the SMA element differently at
different sections of the SMA element due to geometry
and orientation. For example a vertical element aligned
with gravity will produce a "chimney effect" whereby heat
will be transported away from the lower sections and car-
ried to the upper portions producing significant temper-
ature differentials over significant time intervals across
and along the SMA element. Conversely a horizontal el-
ement orthogonal to gravity will produce smaller and
weaker convective effects and smaller temperature dif-
ferentials. Such effects may be thought of as causing
thermal dead-spots which can fail to reach a temperature
sufficient to cause the phase change and so experience
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no significant shape change. Such thermal dead-spots
might never reach the local temperature maximum 60
and so remain in a state having a positive temperature
coefficient. Thus the thermal dead-spot contributes to the
overall monitored resistance of the SMA actuator and
may increase over time but without contributing any con-
traction to the SMA actuator. This is a source of creep if
the monitored resistance is used to control the heating
of the SMA actuator as in the camera 1. For example in
practice it may be observed that if the control system
attempts to maintain the resistance constant then there
is creep in the actual position of the movable object. In
the camera 1 for example, such an effect might cause
creep in the position of the lens element 6 with a time
constant measured of the order of seconds (typically 1s
to 10s).
[0134] Some measures to combat creep are as fol-
lows. These measures are described with reference to
the camera 1 but apply in general to any apparatus.
[0135] A first measure is the adjustment applied in step
S11 to the stored focus value 80 to derive the target re-
sistance value 85. In particular the adjustment is deter-
mined on the basis of the first resistance value Rmax1
of the local maximum resistance 72 stored in step S3 and
the second resistance value Rmax2 of the local maxi-
mum resistance 83 stored in step S10. It is desired during
the focus seek operation 02 to drive the lens element 6
to the position at which the lens element 6 was located
corresponding to the stored focus value 80 during the
focus scan operation O1. This needs to take account of
the creep in position between (a) the time during the focus
scan operation O1 when the lens element 6 had a resist-
ance corresponding to the stored focus value 80 and (b)
the time during the focus seek operation 02 when the
lens element 6 reaches the target resistance value 85.
Any creep occurring over the course of the focus scan
operation O1 will result in a difference between the first
resistance value Rmax1 and the second resistance value
Rmax2. Accordingly the difference is also indicative of
the creep occurring between the times (a) and (b). There-
fore the necessary adjustment to take account on the
creep may be based on the first resistance value Rmax1
and the second resistance value Rmax2.
[0136] The most significant term of the adjustment is
the first resistance value Rmax1 minus the second re-
sistance value Rmax2, this being approximately equal to
the the creep occurring between the times (a) and (b)
because it is equal to the creep occurring between the
detection of the first resistance value Rmax1 and the sec-
ond resistance value Rmax2 in steps S3 and S10.
[0137] However, as the first resistance value Rmax1
and the second resistance value Rmax2 are detected at
the beginning of the scan and seek steps S5 and S12
and does not take account of the creep over those scan
and seek steps S5 and S12. The majority of the creep
(assumed 1st order) will happen during the beginning of
the scan step S5. These zones have high gain (strain/
resistance) because a significant proportion of the SMA

wire 31 has not reached the linear phase change region.
As such, the required reduction in loop resistance can
only be achieved with a relatively large (and coarse) in-
crease in temperature and position. To compensate for
this, the adjustment may be calculated with further term
which varies across the range of contraction of the SMA
actuator, for example by being dependant on the differ-
ence between the first resistance value Rmax1 of the
local maximum resistance 72 and the stored resistance
value 80.
[0138] A second measure is to provide a sheath of con-
ductive material around certain portions of the SMA wire
31. This measure is shown in Figs. 13 and 14, Fig. 13
being a view of the SMA actuator 30 showing the SMA
wire 31 mechanically connected to the mounting mem-
bers 32 by crimping and mechanically connected to the
retaining element 41 (shown schematically) being
hooked thereover, and Fig. 14 being a cross-sectional
view. A sheath of electrically conductive material 93 is
provided around first portions 90 of the SMA wire 31 in
contact with, and extending from, the two mounting mem-
bers 32 and a second portion 91 of the SMA wire 31 in
contact with, and extending from, the retaining element
41. The first and second portions 90 and 91 of the SMA
wire 31 are limited in extent (do not extend along the
entire SMA wire 31) and no conductive material is pro-
vided on the remainder 92 of the SMA wire 31.
[0139] As shown in Fig. 14, the conductive material 93
makes an electrical connection with the SMA wire 31.
When SMA material is exposed to air there rapidly forms
an oxide coating 94 as shown on the remainder 93 of the
SMA wire 31 in Fig. 14. In the portions 90 and 91, there
is no such oxide coating 94 between the conductive ma-
terial 93 and the SMA wire 31 in order to provide for elec-
trical connection. This may be achieved by removing the
oxide coating 94 prior to applying the conductive material
93. This may be achieved by dipping the SMA wire 31 in
a suitable reagent. Thereafter the conductive material 93
is applied before the oxide coating 94 reforms. The ap-
plication of the conductive material 93 may be performed
in an inert atmosphere.
[0140] The sheath of conductive material 93 may be a
coating applied by any suitable coating technique. Alter-
natively, the sheath of conductive material 93 may be a
piece of material crimped around the SMA wire 31.
[0141] The conductive material 93 has a lower resist-
ance per unit length of the SMA wire 31 than the SMA
wire 31 itself, preferably by at least an order of magnitude.
This easily achieved by selecting conductive material 93
having a resistivity which is lower than the SMA wire 31,
preferably being at least 50 lower. Most ordinary metals
easily meet this requirement. Accordingly the conductive
material may be many metals, for example copper, gold
or silver. For example in the case of the SMA wire 31
being Nitinol, the resistivity of the SMA wire 31 is of the
order of 160 to 5000 times higher than that of ordinary
metals. Even assuming the lowest resistivity ratio, the
resistance of the conductive material 93 is an order of
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magnitude less than the resistance of the SMA wire 31
if the conductive material has a thickness of one-thirtieth
of the radius of the SMA wire 31 which is easily achieved
in the case of a coating. As the resistivity ratio increases
the conductive material 93 may have even lesser thick-
nesses.
[0142] The conductive material 93 effectively forms a
short to current along the portions 90 and 91 of the SMA
wire 93, due to the conductive material being electrically
connected to the SMA wire 93 and having a lower resist-
ance. This reduces a major source of creep. In the ab-
sence of the conductive material, the portions 90 and 91
are a major source of creep as they act as thermal dead-
spots due to the thermal interaction with the mounting
members 32 and the retaining element 41, as discussed
above. However, as a result of the conductive material
93 acting as a short, the portions 90 and 91 are not sub-
stantially heated and do not contract. Similarly the por-
tions 90 and 91 do not substantially contribute to the mon-
itored resistance of the SMA wire. Thus the creep arising
from the portions 90 and 91 is significantly reduced. Giv-
en that the portions 90 and 91 do not contract, it is pref-
erable to minimize their length subject to achieving the
effect just described.
[0143] A similar measure may be applied to any loca-
tion of the SMA wire 31, or indeed any location of an SMA
element in general, which constitutes a thermal dead-
spot due to thermal contact with other components.
[0144] A third measure is to select the thermal conduc-
tivity and thermal capacity of the members mechanically
connected to the SMA wire 31 to be either as high as
practically possible (so that heat from the SMA wire 31
is shunted away and causes only very small temperature
rise through contact with the heated SMA wire 31, and
thus the temperature of essentially the whole SMA wire
31 reaches a stable value as quickly as possible), or as
low as practically possible (so that heat from the SMA
wire 31 is not much shunted away and significant and
fast heating of the members through contact with the
heated SMA wire 31 occurs and thus again the temper-
ature of essentially the whole SMA wire 31 reaches a
stable value as quickly as possible. For the case of mem-
bers making an electrical connection with the SMA wire,
ie the mounting members 32, as good electrically con-
ducting and thermally poorly conducting and thermally
low-specific-heat materials are rare and or expensive and
or difficult to work with, the first approach may be easier
to implement Advantageously, the thermal capacity of
the mounting members 32 may be chosen to be at least
ten times and preferably 30 times and more preferably
100 times that of the thermal capacity of the adjacent
section of the SMA wire 31 which is well thermally cou-
pled thereto. In the case of members not electrically con-
nected to the SMA wire 31, ie the retaining element 41,
there are many low thermal capacity/conductivity mate-
rial options to choose from, e.g. thin walled plastic or
ceramic sections are well suited here, although in the
case of hooks, metals can be used for the high-thermal

property options.
[0145] A fourth measure is to similarly select the ther-
mal conductivity and thermal capacity of all elements in
good thermal contact with the SMA wire 31.
[0146] A fifth measure is to arrange that wherever prox-
imal materials not in contact by design with the SMA wire
31 might pick up heat from and return heat to the SMA
wire 31 they are either made highly reflective to thermal
radiation (especially if they are not good sinks for heat),
or highly absorbent to thermal radiation (especially if they
are good sinks); and/or the proximity of such materials
to the SMA wire 31 is minimised by design. In this way,
thermal lag effects on the temperature and thus actuation
of the SMA wire 31 are reduced allowing for tighter po-
sitional control.
[0147] A sixth measure is to provide means for reduc-
ing the fluid convection currents around a heated SMA
wire 31 in order better to control the temperature of and
temperature gradients along and across the SMA wire
31. Such means include: baffles arranged around but not
in direct contact with the SMA wire 31 in such a way as
to thwart easy convective fluid flow, for example being
primarily oriented across the principle flow direction
where this is known (generally only in the case of a fixed-
orientation actuator); area and space filling materials with
very small thermal capacity, heat resistance, and very
low stiffness (eg fine glass wool) may be usefully placed
around the SMA wire 31 to thwart smooth convective
fluid flow in any direction/orientation, care needing to be
taken to ensure that the SMA wire 31 can still cool down
on cessation of heating in a reasonable time for the ap-
plication; in certain applications a small controlled flow
of the surrounding fluid (eg from a fan or pump) can be
deliberately caused to run over the surface of the SMA
wire 31 sufficient to disrupt significant convective flow
build-up, and in this way unwanted thermal lags removed
from the system;
[0148] There will now be considered measures for re-
ducing failure of the SMA wire 31. In the case of a camera,
it is desirable for the SMA actuator 30 to have a long life
time, typically of the order of hundreds of thousands or
even millions of cycles. However, failure of the SMA wire
31 can occur, this being a particular problem as the di-
ameter of the SMA wire is reduced. Most commercial
mass-produced consumer applications use relatively
thick SMA wire of diameter around 75Pm or above. How-
ever as discussed above, the camera 1 uses SMA wire
31 which is desirably thinner in order to improve the
speed of response, typically being at most 35Pm. It has
been appreciated that such thin SMA wire 31 can lead
to fracture of the SMA material at or very close to the
mechanical connections made to the SMA wire 31, even
when known precautions are taken into consideration.
[0149] Experiments carried out using known crimped
SMA parts show a surprisingly high number of life-test
failures of the SMA element adjacent to the crimp, some-
times as many as 10% of the samples tested for more
than 50,000 cycles. On the basis of careful examination
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of the parts that survive and the parts that fail, experi-
ments with countermeasures, and analysis of the assem-
blies before and after successful test and test-to-failure,
it is hypothesized that the principal cause of such early
failures is buckling of the thin SMA element where it
emerges from the crimped connection possibly initiated
by tiny surface "nicking" of the SMA wire. One cause of
the buckling (and perhaps also of the surface nicking) is
the dynamical forces exerted on the SMA wire by relative
motion of the SMA wire and the member to which it is
crimped, this in turn being caused by the relatively high
weight of the member relative to strength of the SMA
wire. With conventional thicker SMA wires such dynam-
ical forces are small relative to the strength of the SMA
wire and cause few problems. However as the diameter
of the SMA wire reduces, say to values of 60Pm or less,
such forces can easily produce damage even when the
crimps at the SMA element ends are quite small (eg
300Pm thick brass of width a few 100Pm).
[0150] There is also some evidence that a further con-
tribution to early fatigue failure is steep temperature gra-
dients within the SMA wire at the crimping locations due
primarily to the very different thermal conductivity coef-
ficients of the material of the member and the normally
surrounding air at either side.
[0151] Some measures to combat such failure are as
follows. These measures are described with reference
to the camera 1 but apply in general to any apparatus.
[0152] A first measure is to apply additional material
96 over the SMA wire 31 and in contact (at least tensile
contact) with the mounting member 32 to which the SMA
wire is connected, as shown in Fig. 15. The purpose of
the additional material 96 is to reduce the mechanical
stresses in the SMA wire 31 by supporting the SMA wire
31 relative to the mounting member 32. This increases
the lifetime of the SMA wire 31, probably by reducing the
above-discussed causes of fatigue of buckling and nick-
ing of the SMA wire 31 at the location where the SMA
wire 31 is connected to the mounting member 32. The
additional material 96 may also increases the lifetime of
the SMA wire 31 by reducing the thermal stresses in the
SMA wire 31.
[0153] The additional material 96 desirably extends
entirely around the SMA wire 31 and for a distance along
the SMA wire 31 from the mounting member, for example
at least once, or preferably at least twice or three times
the diameter of the SMA wire 31. However, the additional
material 96 is limited in extent and extends along only
part of the length of the SMA wire 31.
[0154] The additional material 96 may be applied over
a coating 97 on the SMA wire 31, which coating 97 may
be an oxide coating 94 or a coating of conductive material
93 as described above.
[0155] The additional material 96 may be formed by
any material capable of providing support. One simple
implementation is for the additional material to be an ad-
hesive, desirably a thermosetting adhesive such as a cy-
anoacrylate adhesive or an epoxy adhesive which has

good strength properties. Adhesive is easy to apply, sim-
ply by depositing an amount of adhesive to the exit joint
of the SMA wire 31 from the mounting member 32. Ad-
hesive is also robust once set.
[0156] Another consideration is that the total amount
(mass) of such additional material 96 should be kept as
small as possible consistent with adequately performing
the desired stress-relieving function, because it is found
in practice that adding any such additional material 96
inevitably adds mass which is inactive in the sense of
non-contributory to the desired mechanical actuator ef-
fect and providing a concomitant increase in creep as
described above. For a given mass of additional material
96, it is preferable in terms of reducing the creep to in-
crease the thermal conductivity.
[0157] A second measure is to handle the SMA actu-
ator 30 carefully, as follows.
[0158] Firstly rapid accelerations of one end of the
SMA actuator 30 relative to the other are minimised in
all circumstances where the SMA wire 31 itself may be-
come taut (as opposed to slack), including preventing
one end from dropping under its own weight and then
being arrested in its fall by the SMA wire 31, the forces
to which the SMA wire 31 is exposed being kept smaller
than its breaking or kink-strength (bearing in mind that a
dangling mounting member 32 will not in general hang
such that the SMA wire 31 exits orthogonally. One meth-
od to avoid such rapid accelerations is to pick up both
ends simultaneously such that the SMA wire 31 experi-
ences forces associated only with its own weight, and
not with the weight of the mounting members (co-moving
handling).
[0159] Secondly tensioning the SMA element to a sig-
nificant fraction of its normal working strain limit (say no
more than 30% but more preferably no more than 20%
and even more preferably no more than 10% thereof) is
avoided in a direction more than a few degrees off normal
to the exit direction of the SMA wire 31 from the mounting
member 32 against which the tension is generated. This
avoids the buckling effect at the wire exit and also the
forcing of the SMA wire 31 to conform to the edge of
shape/form of the mounting member 32, which in general
can be of quite small radius comparable to the diameter
of the SMA wire 31.
[0160] A third measure is to minimise the sharpness
of the edges of the mounting member 32, preferably such
edges having a radius greater than the diameter of the
SMA wire 31, preferably at least by two, four, six or ten
times. Such a radius should desirably be maintained at
a significant fraction of these values after crimping (dur-
ing which significant crushing of the material may occur)
to avoid reduction of the protective function. In this way,
tension in the SMA wire 31 will cause less buckling or
nicking. A variant on this measure is to make one or both
of the mating crimp surfaces that come together to be
non planar, in particular curved away from each other at
their mating edges upon crimping, so that after crimping,
the SMA wire 31 is gripped firmly by the middle portions
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of the two mating surfaces but not at all at the outer edges.
This might be termed a "fluted" crimp. However in this
implementation care is needed to ensure that the transi-
tion region from firmly crimped to uncrimped is short (at
most a very one or a few times the diameter of the SMA
wire 31) to prevent a significant region of rubbing/scrap-
ing in the transition region which would likely damage the
SMA wire 31 during repeated actuation.
[0161] A fourth measure is to arrange the mechanics
and geometry of the camera 1 such that when the
crimped ends of the SMA actuator 30 are assembled and
whenever the SMA wire 31 is in tension, then the direc-
tional positions in space of the edges of the two mounting
members 32 from which the SMA wire 31 exits are close
to or actually parallel (within a few degrees) to each other
and that both are normal (to within a few degrees) to the
direction in space of the line of the taut SMA wire 31.
Again this avoids the buckling or nicking forces on the
SMA wire 31.
[0162] A fifth measure involves the material properties
of the mounting members 32. For crimping of SMA wire
it is common to use half-hard brass and phosphor bronze,
as well as nickel-plated metal and other metal materials
here. However it has been found by close examination
with a Scanning Electron Microscope that such materials
can often be hard enough separately or in combination
to make small nicks or produce other damage in fine SMA
wires, even when crimped with normal due care, either
during the crimping operation itself, or thereafter due to
handling induced or use-induced forces combined with
the unyielding nature due to the material hardness. Thus
this fifth measure to use materials for the crimping mount-
ing members 32 soft enough to avoid such damage to
the SMA wire 31. Some specific materials are brass or
phosphor-bronze (or other common crimp metal) one or
more grades softer than is normal to use for crimping
SMA elements, subject to the hardness still being ade-
quate to provide crimp reliability, in terms of gas-tight
joints, pull-out strength, and electrical termination relia-
bility. With clamps as opposed to crimps (where the
clamping force is produced independently of the fold-
strength of the clamp material) it is possible and prefer-
able to use even softer materials than the optimally soft
material for crimps.
[0163] Another variant is to use the common materials
used for crimping/clamping SMA elements but to first
heat-treat those materials to soften them enough to avoid
the problems described here, before the crimping/clamp-
ing operation is completed, but possibly after the crimp/
clamp component parts themselves are formed and/or
plated. Specifically in the case of plating with hard ma-
terials such as nickel, the heat-treatment can only use-
fully be carried out after the plating operation.
[0164] Another variant is to make the crimp/clamp
parts out of at least two component materials, the outer
material being hard and stiff enough to provide the rigidity
required for good crimping/ clamping of the SMA wire 31,
and the inner material making physical contact with the

SMA wire 31, and isolating it mechanically from the outer
material, being soft enough to avoid any crimp/clamp or
subsequent handling damage to the SMA wire 31. One
such combination is nickel plated half-hard brass outer
material (and perhaps gold on top) with tin-lead inner
material (eg solder). It is preferable to make such inner
material hard enough to provide the described mechan-
ical protection functions as otherwise pull-out strength of
the crimp/clamp is reduced, and if such inner material is
very soft, it is possible that the crimping/clamping process
will not strip off the oxide coating during the process ren-
dering the electrical contact function unreliable or use-
less.
[0165] Whilst the embodiments described above relate
to a camera incorporating an SMA actuation arrange-
ment which drives movement of a camera lens element,
the SMA actuation arrangements described can equally
be adapted to drive movement of an object other than a
camera lens element.

Claims

1. A method of controlling an SMA actuator apparatus
comprising an SMA actuator arranged on contrac-
tion due to heating to drive movement of a movable
element, in which method heating of the SMA actu-
ator is performed by passing a current through the
SMA actuator, the method comprising:

a first heating step of heating the SMA actuator
from a state in which it is not contracted, whilst
monitoring the resistance of the SMA actuator,
until a first maximum in the resistance of the
SMA actuator is detected, the resistance value
of the first maximum being stored;
a scan step of further heating the SMA actuator
to cause the SMA actuator to contract, whilst
monitoring a signal which varies with the position
of the movable element, the value of the resist-
ance of the SMA actuator when the signal is at
an acceptable level being measured and stored;
a cooling step of cooling the SMA actuator back
into a state in which it is not contracted;
a second heating step of heating the SMA actu-
ator, whilst monitoring the resistance of the SMA
actuator, until a second maximum in the resist-
ance of the SMA actuator is detected;
deriving a target resistance value equal to the
stored value of the resistance of the SMA actu-
ator when the signal is at an acceptable level
adjusted by an adjustment which is determined
on the basis of the resistance values of the first
and second maximums; and
a seek step of further heating the SMA actuator,
whilst monitoring the resistance of the SMA ac-
tuator, until the monitored resistance value
reaches the target resistance value.
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2. A method according to claim 1, wherein the adjust-
ment has a most significant term equal to the resist-
ance value of the second maximum minus the re-
sistance value of the first maximum.

3. A method according to claim 2, wherein the adjust-
ment is calculated with further term which varies
across the range of contraction of the SMA actuator.

4. A method according to claim 3, wherein the further
term is dependant on the difference between the re-
sistance value of the first maximum and the value of
the resistance of the SMA actuator when the signal
is at an acceptable level.

5. A method according to any one of the preceding
claims, wherein during said seek step the power of
the current passed through the SMA actuator is var-
ied using a feedback control technique in which the
measured resistance of the SMA actuator as a feed-
back signal to drive the measured resistance to the
target resistance value.

6. A method according to claim 5, wherein during said
seek step the current passed through the SMA ac-
tuator is pulse-width modulated, the current being
varied by varying the duty cycle of the pulse-width
modulated current.

7. A method according to claim 6, wherein the current
is varied by varying the duty cycle of the pulse-width
modulated current by an amount proportional to the
difference between the derived measure of resist-
ance and the stored value of the measure of resist-
ance.

8. A method according to any one of the preceding
claims, wherein during the cooling step the resist-
ance of the SMA actuator is monitored and the ac-
tuator is cooled until the resistance of the SMA ac-
tuator passes through a maximum.

9. A method according to any one of the preceding
claims, wherein during the scan step the resistance
of the SMA actuator is monitored and, for each of a
series of successively decreasing test resistance
values, the SMA actuator is heated until the moni-
tored resistance value reaches the test resistance
value, the signal being monitored at each of the test
resistance values.

10. A method according to any one of the preceding
claims, wherein the movable element is a camera
lens element along the optical axis to change the
focus of the camera lens element on an image sen-
sor, and the signal is a measure of the quality of
focus of the image signal output by the image sensor.

11. A method according to claim 10, wherein the camera
lens element includes one or more lenses having a
diameter of at most 10mm.

12. A control system for an SMA actuator apparatus
comprising an SMA actuator arranged on contrac-
tion due to heating to drive movement of a movable
element, the control system comprising:

a current source operable to pass current
through the SMA actuator to heat the SMA ac-
tuator;
a detector circuit operable to detect the resist-
ance of the SMA actuator; and
a controller arranged to control the current
source, the controller being responsive to the
resistance of the SMA actuator detected by the
detector circuit, wherein the controller is opera-
tive to perform an operation comprising:

a first heating step of controlling the current
source to heat the SMA actuator from a
state in which it is not contracted, whilst
monitoring the resistance of the SMA actu-
ator, until a first maximum in the resistance
of the SMA actuator is detected, the resist-
ance value of the first maximum being
stored;
a scan step of controlling the current source
to further heat the SMA actuator to cause
the SMA actuator to contract, whilst moni-
toring a signal which varies with the position
of the movable element, the value of the re-
sistance of the SMA actuator when the sig-
nal is at an acceptable level being measured
and stored;
a cooling step of controlling the current
source to cool the SMA actuator back into
a state in which it is not contracted;
a second heating step of controlling the cur-
rent source to heat the SMA actuator, whilst
monitoring the resistance of the SMA actu-
ator, until a second maximum in the resist-
ance of the SMA actuator is detected;
deriving a target resistance value equal to
the stored value of the resistance of the
SMA actuator when the signal is at an ac-
ceptable level adjusted by an adjustment
which is determined on the basis of the re-
sistance values of the first and second max-
imums; and
a seek step of controlling the current source
to further heat the SMA actuator, whilst
monitoring the resistance of the SMA actu-
ator, until the monitored resistance value
reaches the target resistance value.

13. A control system according to claim 12, wherein the
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adjustment has a most significant term equal to the
resistance value of the second maximum minus the
resistance value of the first maximum.

14. A control system according to claim 13, wherein the
adjustment is calculated with further term which var-
ies across the range of contraction of the SMA ac-
tuator.

15. A control system according to claim 14, wherein the
further term is dependant on the difference between
the resistance value of the first maximum and the
value of the resistance of the SMA actuator when
the signal is at an acceptable level.

Patentansprüche

1. Verfahren zum Steuern einer SMA-Betätigungsvor-
richtung, die einen SMA-Betätiger enthält, der bei
Kontraktion aufgrund von Erwärmung angeordnet ist
zum Antreiben einer Bewegung eines bewegbaren
Bauteils, bei welchem Verfahren das Erwärmen des
SMA-Betätigers durchgeführt wird, indem ein Strom
durch den SMA-Betätiger verläuft, wobei das Ver-
fahren aufweist:

einen ersten Erwärmungsschritt zum Erwärmen
des SMA-Betätigers von einem Zustand aus, bei
dem er nicht kontrahiert ist, während der Wider-
stand des SMA-Betätigers überwacht wird, bis
ein erstes Maximum des Widerstands des SMA-
Betätigers detektiert wird, wobei der Wider-
standswert des ersten Maximums gespeichert
wird;
einen Scannschritt des weiteren Erwärmens
des SMA-Betätigers, um den SMA-Betätiger zu
veranlassen sich zu kontrahieren, während ein
Signal überwacht wird, das sich mit der Position
des bewegbaren Bauteils ändert, wobei der
Wert des Widerstands des SMA-Betätigers ge-
messen und gespeichert wird, wenn das Signal
bei einem akzeptablen Pegel ist;
einen Kühlschritt zum Kühlen des SMA-Betäti-
gers zurück in einen Zustand, bei dem er nicht
kontrahiert ist;
einen zweiten Erwärmungsschritt zum Erwär-
men des SMA-Betätigers, während der Wider-
stand des SMA-Bauteils überwacht wird, bis ein
zweites Maximum des Widerstands des SMA-
Betätigers detektiert wird;
Herleiten eines Zielwiderstandswerts, der gleich
dem gespeicherten Wert des Widerstands des
SMA-Betätigers ist, wenn das Signal bei einem
akzeptablen Pegel ist, der durch eine Einstel-
lung eingestellt wird, die basierend auf den Wi-
derstandswerten des ersten und zweiten Maxi-
mums bestimmt wird; und

einen Suchschritt zum weiteren Erwärmen des
SMA-Betätigers, während der Widerstand des
SMA-Betätigers überwacht wird, bis der über-
wachte Widerstandswert den Zielwiderstands-
wert erreicht.

2. Verfahren nach Anspruch 1, bei dem die Einstellung
einen signifikantesten Term aufweist, der gleich dem
Widerstandswert des zweiten Maximums minus den
Widerstandswert des ersten Maximums ist.

3. Verfahren nach Anspruch 2, bei dem die Einstellung
mit einem weiteren Term berechnet wird, der über
den Bereich der Kontraktion des SMA-Betätigers va-
riiert.

4. Verfahren nach Anspruch 3, bei dem der weitere
Term von der Differenz zwischen dem Widerstands-
wert des ersten Maximums und dem Wert des Wi-
derstands des SMA-Betätigers abhängt, wenn das
Signal bei einem akzeptablen Pegel ist.

5. Verfahren nach irgendeinem der vorangegangenen
Ansprüche, bei dem während des Suchschritts die
Leistung des Stroms, der durch den SMA-Betätiger
verläuft, geändert wird, indem eine Rückführungs-
steuerungstechnik verwendet wird, bei der der ge-
messene Widerstand des SMA-Betätigers als ein
Rückführungssignal verwendet wird, um den ge-
messenen Widerstand auf den Zielwiderstandswert
zu bringen.

6. Verfahren nach Anspruch 5, bei dem während des
Suchschritts der Strom, der durch den SMA-Betäti-
ger verläuft, pulsweitenmoduliert wird, wobei der
Strom geändert wird, indem das Tastverhältnis des
pulsweitenmodulierten Stroms geändert wird.

7. Verfahren nach Anspruch 6, bei dem der Strom ge-
ändert wird, indem das Tastverhältnis des pulswei-
tenmodulierten Stroms um ein Maß geändert wird,
das proportional ist zu der Differenz zwischen der
hergeleiteten Größe des Widerstands und dem ge-
speicherten Wert der Größe des Widerstands.

8. Verfahren nach irgendeinem der vorangegangenen
Ansprüche, bei dem während des Kühlschritts der
Widerstand des SMA-Betätigers überwacht wird,
und der Betätiger gekühlt wird, bis der Widerstand
des SMA-Betätigers durch ein Maximum verläuft.

9. Verfahren nach irgendeinem der vorangegangenen
Ansprüche, bei dem während des Scannschritts der
Widerstand des SMA-Betätigers überwacht wird,
und für jeden von einer Reihe von nacheinander ab-
nehmenden Testwiderstandswerten der SMA-Betä-
tiger erwärmt wird, bis der überwachte Widerstands-
wert den Testwiderstandswert erreicht, wobei das
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Signal bei jedem der Testwiderstandswerte über-
wacht wird.

10. Verfahren nach einem der vorangegangenen An-
sprüche, bei dem das bewegbare Bauteil ein Kame-
ralinsenbauteil entlang der optischen Achse ist, um
den Fokus des Kameralinsenbauteils auf einen Bild-
sensor zu ändern, und das Signal ein Maß für die
Qualität des Fokus des Bildsignals ist, das von dem
Bildsensor ausgegeben wird.

11. Verfahren nach Anspruch 10, bei dem das Kamera-
linsenbauteil eine oder mehrere Linsen mit einem
Durchmesser von höchstens 10 mm enthält.

12. Steuerungssystem für eine SMA-Betätigungsvor-
richtung mit einem SMA-Betätiger, der bei Kontrak-
tion aufgrund von Wärme angeordnet ist, um die Be-
wegung eines bewegbaren Bauteils anzutreiben,
wobei das Steuerungssystem enthält:

eine Stromquelle, die betreibbar ist, um Strom
durch den SMA-Betätiger verlaufen zu lassen
zum Erwärmen des SMA-Betätigers;
eine Detektorschaltung, die betreibbar ist zum
Detektieren des Widerstands des SMA-Betäti-
gers; und
eine Steuerung, die angeordnet ist zum Steuern
der Stromquelle, wobei die Steuerung auf den
Widerstand des SMA-Betätigers, der durch die
Detektorschaltung detektiert wird, reagiert, wo-
bei die Steuerung betreibbar ist zum Durchfüh-
ren eines Betriebs mit:

einem ersten Erwärmungsschritt zum Steu-
ern der Stromquelle, um den SMA-Betätiger
von einem Zustand aus zu erwärmen, bei
dem er nicht kontrahiert ist, während der Wi-
derstand des SMA-Betätigers überwacht
wird, bis ein erstes Maximum des Wider-
stands des SMA-Betätigers detektiert wird,
wobei der Widerstandswert des ersten Ma-
ximums gespeichert wird;
einem Scannschritt zum Steuern der Strom-
quelle, um den SMA-Betätiger weiter zu er-
wärmen, um den SMA-Betätiger zu veran-
lassen sich zu kontrahieren, während ein
Signal überwacht wird, das sich mit der Po-
sition des bewegbaren Bauteils ändert, wo-
bei der Wert des Widerstands des SMA-Be-
tätigers gemessen und gespeichert wird,
wenn das Signal bei einem akzeptablen Pe-
gel ist;
einem Kühlschritt zum Steuern der Strom-
quelle, um den SMA-Betätiger auf einen Zu-
stand zurückzukühlen, bei dem er nicht kon-
trahiert ist;
einem zweiten Erwärmungsschritt zum

Steuern der Stromquelle, um den SMA-Be-
tätiger zu erwärmen, während der Wider-
stand des SMA-Betätigers überwacht wird,
bis ein zweites Maximum des Widerstands
des SMA-Betätigers detektiert wird;
Herleiten eines Zielwiderstandswerts, der
gleich dem gespeicherten Wert des Wider-
stands des SMA-Betätigers ist, wenn das
Signal bei einem akzeptablen Pegel ist, der
durch eine Einstellung eingestellt wird, die
bestimmt wird basierend auf den Wider-
standswerten des ersten und zweiten Ma-
ximums; und
einem Suchschritt zum Steuern der Strom-
quelle, um den SMA-Betätiger weiter zu er-
wärmen, während der Widerstand des
SMA-Betätigers überwacht wird, bis der
überwachte Widerstandswert den Zielwi-
derstandswert erreicht.

13. Steuerungssystem nach Anspruch 12, bei dem die
Einstellung einen signifikantesten Term aufweist,
der gleich dem Widerstandswert des zweiten Maxi-
mums minus den Widerstandswert des ersten Ma-
ximums ist.

14. Steuerungssystem nach Anspruch 13, bei dem die
Einstellung mit einem weiteren Term berechnet wird,
der sich über den Bereich der Kontraktion des SMA-
Betätigers ändert.

15. Steuerungssystem nach Anspruch 14, bei dem der
weitere Term von der Differenz zwischen dem Wi-
derstandswert des ersten Maximums und dem Wert
des Widerstands des SMA-Betätiger abhängt, wenn
das Signal bei einem akzeptablen Pegel ist.

Revendications

1. Procédé de commande d’un appareil actionneur en
AMF comprenant un actionneur en AMF adapté
pour, lors de la contraction due au chauffage, entraî-
ner le mouvement d’un élément mobile, dans lequel
procédé le chauffage de l’actionneur en AMF est ef-
fectué en faisant passer un courant dans l’actionneur
en AMF, le procédé comprenant :

une première étape de chauffage consistant à
chauffer l’actionneur en AMF depuis un état
dans lequel il n’est pas contracté, tout en sur-
veillant la résistance de l’actionneur en AMF,
jusqu’à ce qu’une première valeur maximale de
la résistance de l’actionneur en AMF soit détec-
tée, la première valeur maximale de la résistan-
ce étant mémorisée ;
une étape de balayage consistant à chauffer da-
vantage l’actionneur en AMF pour provoquer la
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contraction de l’actionneur en AMF, tout en sur-
veillant un signal qui varie avec la position de
l’élément mobile, la valeur de la résistance de
l’actionneur en AMF quand le signal est à un
niveau acceptable étant mesurée et
mémorisée ;
une étape de refroidissement consistant à re-
froidir l’actionneur en AMF pour le faire revenir
dans un état dans lequel il n’est pas contracté ;
une deuxième étape de chauffage consistant à
chauffer l’actionneur en AMF, tout en surveillant
la résistance de l’actionneur en AMF, jusqu’à ce
qu’une deuxième valeur maximale de la résis-
tance de l’actionneur en AMF soit détectée ;
déduire une valeur de résistance ciblée égale à
la valeur mémorisée de la résistance de l’ ac-
tionneur en AMF quand le signal est à un niveau
acceptable ajusté par un ajustement qui est dé-
terminé sur la base des valeurs de résistance
des première et deuxième valeurs maximales ;
et
une étape de recherche consistant à chauffer
davantage l’actionneur en AMF, tout en sur-
veillant la résistance de l’actionneur en AMF,
jusqu’à ce que la valeur de résistance surveillée
atteigne la valeur de résistance ciblée.

2. Procédé selon la revendication 1, dans lequel l’ajus-
tement a un terme de poids fort égal à la valeur de
résistance de la deuxième valeur maximale moins
la valeur de résistance de la première valeur maxi-
male.

3. Procédé selon la revendication 2, dans lequel l’ajus-
tement est calculé avec un terme supplémentaire
qui varie sur la plage de contraction de l’actionneur
en AMF.

4. Procédé selon la revendication 3, dans lequel le ter-
me supplémentaire dépend de la différence entre la
valeur de résistance de la première valeur maximale
et la valeur de la résistance de l’actionneur en AMF
quand le signal est à un niveau acceptable.

5. Procédé selon l’une quelconque des revendications
précédentes, dans lequel, pendant ladite étape de
recherche, on fait varier la puissance du courant qui
passe dans l’actionneur en AMF en utilisant une
technique d’asservissement dans laquelle la résis-
tance mesurée de l’actionneur en AMF est utilisée
comme signal de rétroaction pour amener la résis-
tance mesurée jusqu’à la valeur de résistance ciblée.

6. Procédé selon la revendication 5, dans lequel, pen-
dant ladite étape de recherche, le courant qui passe
dans l’actionneur en AMF est modulé en largeur
d’impulsion, le courant étant modifié en faisant varier
le rapport cyclique du courant modulé en largeur

d’impulsion.

7. Procédé selon la revendication 6, dans lequel on fait
varier le courant en faisant varier le rapport cyclique
du courant modulé en largeur d’impulsion d’une
quantité proportionnelle à la différence entre la me-
sure de résistance dérivée et la valeur mémorisée
de la mesure de résistance.

8. Procédé selon l’une quelconque des revendications
précédentes, dans lequel, pendant l’étape de refroi-
dissement, on surveille la résistance de l’actionneur
en AMF et l’on refroidit l’actionneur jusqu’à ce que
la résistance de l’actionneur en AMF passe par une
valeur maximale.

9. Procédé selon l’une quelconque des revendications
précédentes, dans lequel, pendant l’étape de ba-
layage, on surveille la résistance de l’actionneur en
AMF et, pour chaque valeur d’une série de valeurs
de résistance de test diminuant successivement, on
chauffe l’actionneur en AMF jusqu’à ce que la valeur
de résistance surveillée atteigne la valeur de résis-
tance de test, le signal étant surveillé à chacune des
valeurs de résistance de test.

10. Procédé selon l’une quelconque des revendications
précédentes, dans lequel l’élément mobile est un
élément d’objectif le long de l’axe optique pour chan-
ger la mise au point de l’élément d’objectif sur un
capteur d’image, et le signal est une mesure de la
qualité de la mise au point du signal d’image délivré
par le capteur d’image.

11. Procédé selon la revendication 10, dans lequel l’élé-
ment d’objectif comprend une ou plusieurs lentilles
ayant un diamètre d’au plus 10 mm.

12. Système de commande pour un appareil actionneur
en AMF comprenant un actionneur en AMF adapté
pour, lors de la contraction due au chauffage, entraî-
ner le mouvement d’un élément mobile, le système
de commande comprenant :

une source de courant utilisable pour faire pas-
ser un courant dans l’actionneur en AMF afin de
chauffer l’actionneur en AMF ;
un circuit détecteur utilisable pour détecter la
résistance de l’actionneur en AMF ; et
un contrôleur adapté pour commander la source
de courant, le contrôleur réagissant à la résis-
tance de l’actionneur en AMF détectée par le
circuit détecteur, dans lequel le contrôleur est
apte à exécuter une opération comprenant :

une première étape de chauffage consis-
tant à commander la source de courant pour
chauffer l’actionneur en AMF depuis un état
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dans lequel il n’est pas contracté, tout en
surveillant la résistance de l’actionneur en
AMF, jusqu’à ce qu’une première valeur
maximale de la résistance de l’actionneur
en AMF soit détectée, la première valeur
maximale de la résistance étant
mémorisée ;
une étape de balayage consistant à com-
mander la source de courant pour chauffer
davantage l’actionneur en AMF pour provo-
quer la contraction de l’actionneur en AMF,
tout en surveillant un signal qui varie avec
la position de l’élément mobile, la valeur de
la résistance de l’actionneur en AMF quand
le signal est à un niveau acceptable étant
mesurée et mémorisée ;
une étape de refroidissement consistant à
commander la source de courant pour re-
froidir l’actionneur en AMF afin de le faire
revenir dans un état dans lequel il n’est pas
contracté ;
une deuxième étape de chauffage consis-
tant à commander la source de courant pour
chauffer l’actionneur en AMF, tout en sur-
veillant la résistance de l’actionneur en
AMF, jusqu’à ce qu’une deuxième valeur
maximale de la résistance de l’actionneur
en AMF soit détectée ;
déduire une valeur de résistance ciblée
égale à la valeur mémorisée de la résistan-
ce de l’actionneur en AMF quand le signal
est à un niveau acceptable ajusté par un
ajustement qui est déterminé sur la base
des valeurs de résistance des première et
deuxième valeurs maximales ; et
une étape de recherche consistant à com-
mander la source de courant pour chauffer
davantage l’actionneur en AMF, tout en sur-
veillant la résistance de l’actionneur en
AMF, jusqu’à ce que la valeur de résistance
surveillée atteigne la valeur de résistance
ciblée.

13. Système de commande selon la revendication 12,
dans lequel l’ajustement a un terme de poids fort
égal à la valeur de résistance de la deuxième valeur
maximale moins la valeur de résistance de la pre-
mière valeur maximale.

14. Système de commande selon la revendication 13,
dans lequel l’ajustement est calculé avec un terme
supplémentaire qui varie sur la plage de contraction
de l’actionneur en AMF.

15. Système de commande selon la revendication 14,
dans lequel le terme supplémentaire dépend de la
différence entre la valeur de résistance de la premiè-
re valeur maximale et la valeur de la résistance de

l’actionneur en AMF quand le signal est à un niveau
acceptable.
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