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TITLE OF THE INVENTION PIEZOELECTRIC POSITIONER
BACKGROUND OF THE INVENTION on  The invention relates
to piezoelectric positioners, in particular the
inventi 5 relates to multi-axis piezoelectric
positioners. Positioners are used widely for
positioning of optical components, both in  f-
production lines and in scientific experiments. Figure
1 schematically shows in vertical section a known type
of linear  piezoelectric positioner 2 [1, 2]. This
type of positioner is known as an inchworm  10
positioner and is able to position an object in one
dimension. The positioner 2 is circularly symmetric
about a central axis z and comprises a moveable part
4, a fixed  part 6, a drive mechanism 8 and a
controller (not shown). The positioner allows for  the
positioning of the moveable part 4 relative to a fixed
part 6 along the z-axis. The  drive mechanism 8
comprises a left piezoelectric ring 10, a right
piezoelectric ring 12 15 and a piezoelectric spacer
14. The moveable part 4 comprises a shaft to which an
object to be positioned may be attached. The moveable
part is gripped by the left 10  and right 12
piezoelectric rings. The piezoelectric rings 10, 12
are arranged such that  they may be independently
driven by the controller to expand and contract
radially  about the z-axis so as to sequentially grip
and release the moveable part 4. The 20 piezoelectric
spacer 14 is arranged such that it may be driven to
expand and contract  parallel to the z-axis. The left
and right piezoelectric rings 10, 12 are fixedly
attached  to respective left and right ends of the
piezoelectric spacer 14. The piezoelectric  spacer is
fixedly attached at its centre to the fixed part 6. As
shown in Figure 1, the moveable part 4 is held
relative to the fixed part 6  25 by being gripped by
the left and right piezoelectric rings 10, 12. To move
the  



moveable part 4 rightwards (i.e. in the negative
z-direction) the following sequence is  executed by
the controller. Firstly, the left piezoelectric ring
10 is expanded such that 14 August 2006  WO
2005/067072 PCT/GB2005/000037  -2 it no longer grips
the moveable part 4. Secondly, the piezoelectric
spacer 14 is  expanded by an amount AZ such that the
left piezoelectric ring 10 moves to the left by  an
amoun AZ/2 and the right piezoelectric ring 12 moves
to the right by the same  amount. Because the moveable
part 4 is held by the right piezoelectric ring 12
during 5 this action, the moveable part 4 also moves
to the right by an amount AZ/2 relative to  the fixed
part 6. Thirdly, the left piezoelectric ring 10 is
relaxed and such that the  moveable part 4 is again
gripped by both piezoelectric rings 10, 12. Fourthly,
the right  piezoelectric ring 12 is expanded such that
it no longer grips the moveable part 4.  Fifthly, the
piezoelectric spacer 14 is relaxed such that it
contracts by an amount AZ. 10 This causes the right
piezoelectric ring 12 to move to the left by an amount
AZ/2 and  the left piezoelectric ring 10 to move to
the right by an amount AZ/2, that is to say the
piezoelectric rings 10, 12 return to the axial
positions shown in Figure 1 with respect  to the fixed
part 6. During this action, the moveable part 4 is
again moved to the right  by an amount AZ/2 since it
is held by the left piezoelectric ring 10. Finally the
right  15 piezoelectric ring 12 is relaxed such that
it again grips the moveable part 4. Following
execution of the above sequence, the fixed part 6, the
left and right  piezoelectric rings 10, 12 and the
piezoelectric spacer 14 are in the same relative
positions as shown in Figure 1. The moveable part 4,
however, has been moved by a  amount AZ to the right.
If further motion is required, the sequence is
repeated such 20 that the moveable part 4 is inched
rightwards. A leftward motion of the moveable part  is
achieved using a similar sequence but in which the
expansion and contraction  cycles of the left and
right piezoelectric rings are swapped. Piezoelectric
inchworm positioners of the I~nd shown in Figure I are
useful  devices since they are able provide accurate
and high-resolution one-dimensional  



25 positioning and are relatively simple, compact and
robust. However, in may cases, positioning in multiple
axes is desired and positioners  which are adjustable
in two-, three- or more dimensions are required-
Multi-axis  positioner mechanisms can be divided
broadly into two types; those having serial
positioner mechanisms, and those having parallel
positioner mechanisms. 14 August 2006  WO 2005/067072
PCT/GB2005/000037 -3- Serial positioner mechanisms
comprise a stacked series of linear positioners.  For
example, a two-dimensional (2D) serial positioner
might comprise first and  second linear inchworm
positioners: of the kind describe above arranged such
that the  input stage (i.e. the fixed part) of the
second linear positioner is mounted on the output 5
stage (i.e. the moveable part) of the first. An object
to be positioned is mounted on the  output stage of
the second positioner. Accordingly, the second
positioner operates to  move the object in one
direction while the first positioner operates to move
the second  positioner, and hence also the object it
carries, in the other direction. Known problems  with
serial positioners include that their characteristic
behavior can be different in the 10 different axes and
that the behaviour of one axis can depend on position
in the other.  This is largely due to differences in
the loading of the linear positioners in the stack.
For example, in a 2D serial positioner, the second
positioner bears the load of the  object to be
positioned whereas the first positioner bears both
this load and that of the  second positioner. These
problems becomes more significant as more axes of
motion  15 are included. Parallel positioner
mechanisms avoid these problems by allowing
independent  positioning in each of a number of axes.
This is achieved by designing drive  mechanisms for
each axis which operate in parallel with one another.
That is to say  the input stages associated with each
of the different axes of motion are co-mounted 20 and
the output stages similarly co-mounted. Parallel
positioning mechanisms are  generally preferred for
accurate multi-axis positioning since they do not
suffer from  



the problems of serial positioner mechanisms outlined
above. However, because the  drive mechanisms
associated with each of the axes in a parallel
positioner must be  able to accommodate motion in each
of the other axes, parallel positioners can be  25
quite bulky and complex. C, 14 August 2006  -4
SUMMIARY OF THE OWNTION According to an aspect of the
invention there is provided a multi-axis piezoelectric
positioner comprising: a fixed part; a moveable part
positionable in a plane relative to  the fixed part,
the moveable part comprising a piezoelectric device
operable to expand 5 and contract within the plane;
and first second and third releasable clamp
mechanisms operable to selectively clamp the moveable
part to the fixed part at  corresponding first second
and third locations such that the moveable part may be
moved within the plane by selected' activation of ones
of the releasable clamp  mechanisms as the
piezoelectric device is expanded or contracted,
wherein the 10 releasable clamping mechanisms each
comprise a piezoelectric actuator operable to  apply a
clamping force to the moveable part along a direction
perpendicular to the  plane. This can provide for a
relatively simple and robust multi-axis positioner
having a  parallel mechanism and which benefits from
the accurate and high resolution  15 positioning
associated with linear piezoelectric positioners. The
piezoelectric device may consist of a single
piezoelectric element, for  example a planar disc,
which is operable to simultaneously expand or contract
along  multiple directions within the plane. This can
provide for a simple construction with a  relatively
small number of Parts. 20 Alternatively, the
piezoplectric device may comprise a plurality of
piezoelectric elements, for example four piezoelectric
elements arranged along the  sides of a rectangle. In
such an example, a fourth releasable clamp mechanism
may be  provided with the four releasable clamp
mechanisms being arranged to act at  



corresponding ones of the four comers of the
rectangle. This arrangement can allow for 25 fully
independent positioning along two orthogonal axes in
the plane. The four  piezoelectric elements may be
connected at their ends to form a rectangle or may be
connected to one another via comer Pieces. The use of
passive comer pieces removes --- - ------------ 14
August 2006  interface stresses which might otherwise
develop if the piezoelectric elements are  connected
directly to one another. The piezoelectric actuators
may each comprise a piezoelectric element  mounted in
a flexure member and arranged such that the
piezoelectric element may be  5 driven to expand in a
direction substantially parallel to the plane,. thus
causing the flexure member to contract in a direction
substantially perpendicular to the plane and  release
the clamping force. This arrangement can provide for a
piezoelectric actuator  which applies a clamping force
when in a relaxed state and for which the clamping
force is released when the piezoelectric element is
driven to expand. This can be 10 helpful as
piezoelectric elements often have improved operating
characteristics when  driven to expand compared to
when they are driven to contract. The releasable
clamping mechanisms may each further comprise a second
piezoelectric actuator configured to cooperate with
the first mentioned actuator to  move the moveable
part relative to the fixed part along a direction
perpendicular to 15 the plane while maintaining a
clamping force. This can provide for a degree of
positioning within the range of the actuators along a
direction perpendicular to the  plane and so provided
a simple three-axis positioner. The moveable part may
further comprise a carrier coupled to the
piezoelectric  device and extending along a direction
perpendicular to the plane, the carrier having a  20
mounting face to which an object to be positioned may
be attached. This can allow an object to be positioned
to be supported away from the main body of the
positioner and  so avoid possible interference between
them. The mounting face may include  conventional
fixings for mounting components, for example,
appropriately sized and  



tapped holes. 25 In some embodiments, the carrier may
comprise a one-axis positioner. This can  allow an
object to be positioned along an axis perpendicular to
the plane as well as  being positionable parallel to
the plane. The carrier may comprise, for example, a 14
August 2006  WO 2005/067072 PCT/GB2005/000037  -6
conventional inchworm-type positioner to provide a
fully piezoelectric three-axis  positioner.
Alternatively, the carrier may comprise any other type
of line ar positioner.  In other embodiments, a
three-axis positioner is provided whereby the moveable
part comprises a second piezoelectric device spaced
from the first  5 iiientioned piezoelectric device
along a direction perpendicular to the plane by an
adjustable spacer such that the separation between the
first mentioned and second  piezoelectric devices is
changeable, the carrier being releasably held by the
first  mentioned and second piezoelectric devices such
that it may be moved in a direction  perpendicular to
the plane by changing the separation of the first
mentioned and 10 second piezoelectric devices as the
carrier is selectively held and released by the first
mentioned and second piezoelectric devices. The
multi-axis piezoelectric positioner may include a
controller configured to  activate the piezoelectric
device or members and the releasable clamping
mechanisms  in a pre-dotermined sequence for
repositioning the moveable part relative to the fixed
15 part. Alternatively, the controller may be
configured to activate the piezoelectric  device or
members and the releasable clamping mechanisms in
response to a feedback  signal when positioning the
moveable part relative to the fixed part. 14 August
2006  WO 2005/067072 PCT/GB2005/000037 -7- BRIEF
DESCRIPTION OF THE DRAWINGS For a better understanding
of the invention and to show how the sarn may be  



carried into effect reference is now made by way of
example to the accompanying  drawings in which: 5
Figure I schematically shows in vertical section view
a known one-axis  piezoelectric positioner; Figure 2
schematically shows in perspective view a two-axis
piezoelectric  positioner according to, a first
embodiment of the invention; Figure 3 schematically
shows in vertical section view the two-axis  10
piezoelectric positioner of Figure 2; Figures 4A-F
schematically show an example sequence for positioning
an  object carried by the positioner of Figure 2 in a
horizontal plane; Figure 5 is a table schematically
showing the state of several of the elements of  the
positioner shown in Figure 2 during execution of the
sequence shown in Figure 4;  15 Figure 6 is a table
schematically showing the state of several of the
elements of the positioner shown in Figure 2 during
another example sequence for positioning an  object in
a horizontal plane; Figure 7 schematically shows in
vertical section view a three-axis piezoelectric
positioner according to a second embodiment of the
invention; 20 Figure 8 schematically shows in
perspective view a two-axis piezoelectric  positioner
according to a third embodiment of the invention;
Figure 9 is a table schematically showing the state of
several of the elements of  the positioner shown in
Figure 8 during an example sequence for positioning an
object  in a horizontal plane; 14 August 2006  WO
2005/067072 PCT/GB2005/000037  -8 Figure 10 is a table
schematically showing the state of several of the
elements  of the positioner shown in Figure 8 during
another example sequence for positioning  an object in
a horizontal plane; Figure 11 schematically shows in
perspective view a three-axis piezoelectric  



5 positioner according to a fourth embodiment of the
invention; Figure 12 schematically shows in vertical
section view the three-axis  piezoelectric positioner
of Figure 11; Figure 13 is a table schematically
showing the state of several of the elements  of the
positioner shown in Figure I I during an example
sequence for positioning an  10 object in a horizontal
plane; Figure 14 is a table schematically showing the
state of several of the elements  of the positioner
shown in Figure 11 during an example sequence for
positioning an  object along a vertical axis; and
Figure 15 schematically shows in vertical section a
piezoelectric clamping  15 element that may be used in
embodiments of the invention. 14 August 2006  WO
2005/067072 PCT/GB2005/000037 -9- DETAIMED DESCRIPTION
Figure 2 schematically shows in perspective view a
piezoelectric positioner 16  for positioning an
object, such an optical lens, in two dimensions. hi
the orientation  shown in Figure 2, the positioner 16
is arranged to move an object in a horizontal xy 5
plane. The piezoelectric positioner comprises a fixed
part 20, a moveable part 22 and  three releasable
clamp mechanisms 28A-C. The positioner is driven by a
controller IS  through a signal pathway schematically
shown as an arrow 19. In this example, the  Pontroller
is an appropriately configured general purpose
computer. In other examples,  an application specific
controller may be preferred, such as a field
programmable gate 10 array (FPGA) or an application
specific integrated chip (ASIC). The fixed part 20
acts  as a base which may be attached to an optical
table. The moveable part 22 comprises a  piezoelectric
device in the form of a piezoelectric disc 24 to which
a carrier in the  form of a mounting post 26 is
centrally attached. The piezoelectric disc 24 is
arranged  such that it may be driven by the controller
18 to expand and contract radially in an 15 xy-plane.
The expanding or contracting of a piezoelectric
element is often referred to  



exercising the piezoelectric element. Although not
used in this example, in other  examples the
piezoelectric disc may be pre-stressed, for example by
mounting a metal  ring about its circumference such
that its relaxed in-use size is smaller than its
natural  size when fully unconstrained. The mounting
post 26 serves to provide an upper 20 mounting face
for an object to be positioned. The mounting post 26
may comprise a  one-axis positioner arranged to
provide positioning along an axis perpendicular to the
xy-plane. In some cases the mounting post may be
dispensed with and the object  placed directly onto
the piezoelectric disc 24. The three releasable clamp
mechanisms  28A-C are disposed at the vertices of an
equilateral triangle and configured to provide 25
selective clamping of the piezoelectric disc 24 at
first (A), second (B) and third (C)  locations under
the control of the controller 18. The releasable clamp
mechanisms  28A-C are arranged such that when clamped
at any of A, B and or C, the part of the
piezoelectric disc 24 which is being clamped is
prevented from moving in the xy- plane relative to the
fixed part. 14 August 2006  WO 2005/067072
PCT/GB2005/000037 -10- Figure 3 schematically shows in
vertical section the piezoelectric positioner 16
shown in Figure 2. The section view of Figure 3 is
taken in a folded-plane which  passes through the
releasable clamp mechanism 28A to the centre of the
piezoelectric  disc 24 and then through the releasable
clamp mechanism 28B. This folded section is 5 chosen
so as to more readfly show how the piezoelectric disc
24 is supported. In this  example, the releasable
clamp mechanisms 28A, 2813, 28C are identical to one
another and only releasable clamp mechanism 28A is
described in detai]. The  releasable clamp mechanism
28A comprises a rigid support 30A, a gantry 34A and a
piezoelectric. clamping element 32A. The rigid support
30A and the gantry 34A are 10 attached to the fixed
part 20. The piezoelectric disc 24 rests on the rigid
support and 4  on the corresponding rigid supports
associated with each of the other releasable clamp 



mechanisms. The piezoelectric clamping element 32A is
attached to the gantry 34A  such that is held over the
piezoelectric disc 24A in alignment with the rigid
support  30A. The piezoelectric clamping element 32A
is arr-anged such that it may be driven 15 by the
controller 18 to expand and contract in a direction
perpendicular to the  piezoelectric disc 24. In its
relaxed state (i.e. non-exercised) the piezoelectric
clamping element contacts the piezoelectric disc and
so provides a clamping force at  location A. When the
piezoelectric clamping element 32A is driven by the
controller  IS to contract, the clamping force at A is
released. To prevent possible damage to the 20
piezoelectric clamping element or the piezoelectric
disc, the releasable clamp  mechanism 28A may include
a degree of resilience, for example, by employing a
resilient fixing between the piezoelectric clamping
element 32A and the gantry 34A.  Although in the
positioner shown in Figure 2 the piezoelectric
clamping element 32A  directly contacts the
piezoelectric disc 24, in other examples an
intermediate element 25 which is fixed to the
piezoelectric clamping element may be employed. Such
an  intermediate element may be shaped to provide a
reduced contact area with the disc  and may be formed
from a material which provides increased friction
between the  releasable clamp mechanism and the disc.
------ - --- -- --- - ----- ----- 14 August 2006  WO
20051067072 PCUGB20051000037  It will be understood
that many other releasable clamp mechanisms may be
employed, e.g. those employing hydraulic means,
pneumatic means or other forms of  actuator. Figures
4A-F schematically show one example of a sequence of
steps for  5 moving the piezoelectric disc 24 (and
hence the mounting post 26) in the xy-plane. In
executing this example sequence, the mounting post is
moved in a direction  substantially parallel to an
imaginary line connecting locations A and C and in a
direction from A towards C. Each of the Figures 4A-F
schematically shows a plan  view of the piezoelectric
disc 24 and the locations A, B, C where it may be
clamped. 



10 In this embodiment these location are fixed
relative to the fixed part 20 such that  motion of the
piezoelectric disc with respect to the locations A, B,
C indicates motion  of the piezoelectric disc with
respect to the fixed part. The locations A, B, C are
schematically shown as circles. A closed circle
indicates that releasable clamp  mechanism is
configured to clamp the piezoelectric disc at that
location. An open 15 circle indicates that the
piezoelectric disc is not clamped at that location,
and so free to  move in the xy-plane. Figure 4A shows
an initial position for the piezoelectric disc 24 with
respect to  locations A, B, C. In this example initial
state the piezoelectric disc is relaxed (i.e. not
expanded or contracted about its normal in-use size),
and centred with respect to the 20 three locations A,
B, C. The releasable clamp mechanisms 28A, 2813, 28C
are all  acting to clamp the piezoelectric disc at the
corresponding locations A, B, C. This  initial
position is referred to as step SI of the sequence. In
a second step S2,  schematically shown in Figure 413,
the piezoelectric disc 24 is released at B and C (i.e.
releasable clamp mechanisms 2813, 28C are activated by
the controller 18 to remove 25 their clamping force
from the piezoelectric disc 24). In a third step S3,
schematically  shown in Figure 4C, the piezoelectric
disc is expanded. This is apparent in Figure 4C  from
the change in circumference of the piezoelectric disc
24. The outline of the  piezoelectric disc as
positioned in steps SI and S2 is shown as a broken
line for  comparison. The expansion of the
piezoelectric disc while it is clamped at A causes it
30 to expand asymmetrically about its unexpanded
position such that its centre moves 14 August 2006  WO
2005/067072 PCT/GB2005/000037  -12 away from location
A. In a fourth step S4, schematically shown in Figure
41), the  piezoelectric disc remains expanded while
the releasable clamp mechanism at location  C is
configured to clamp the piezoelectric disc and the
releasable clamp mechanism at  location A subsequently
released. By clamping the piezoelectric disc at
location C 5 before releasing the clamp at location A,
the disc remains clamped at one or other  



location throughout this step. In a fifth step S5,
schematically shown in Figure 4E, the  piezoelectric
disc 24 is relaxed such that it contracts to its
initial size. This is shown in  Figure 4E by the
change in circumference of the piezoelectric disc. The
outline of the  piezoelectric disc as positioned in
steps S3 and S4 is shown as a broken line for 10
comparison. The contraction of the piezoelectric disc
while clamped at location C  causes it to contract
asymmetrically from its expanded position such that
its centre  moves towards location C. In a sixth step
S6, schematically shown in Figure 4F, the  releasable
clamp mechanisms associated with locations A and C are
configured to  clamp the piezoelectric disc such that
the disc is clamped at all three locations. At this 15
stage the sequence is complete, the piezoelectric disc
having being moved. in a  direction substantially
parallel a line connecting locations A and C. The
original  position of the piezoelectric disc shown in
Figure 4A is schematically shown in Figure  4F as a
broken line for comparison. Figure 5 is a table which
provides a convenient way of indicating the state of
20 each of the releasable clamp mechanisms 28A-C and
the piezoelectric disc 24 during  the movement
sequence shown in Figures 4A-F. In each of the steps
Sl-S6, the state  of the releasable clamp mechanisms
at the locations A, B and C is shown as an 'X'  symbol
if that particular releasable clamp mechanism is
configured to clamp the  piezoelectric disc and as an
'0' symbol if that particular releasable clamp
mechanism 25 is released. The state of the
piezoelectric disc 24 is shown as a '-' symbol to
indicate  that the piezoelectric disc is in a relaxed
state and as an 'E' symbol to indicate that the
piezoelectric disc is in an expanded state. Figure 6
shows a table which is similar to that of Figure 5 but
which describes  an alternative sequence of steps for
achieving a similar motion to that seen in Figures  30
4A-F. The sequence shown in Figure 6 differs from that
of Figure 5 in that the 14 August 2006  WO 2005/067072
PCT/GB2005/000037 -13- piezoelectric disc is driven to
contract at step S3, rather than to expand, and a
different  



activating sequence for the releasable clamp
mechanisms is employed. Contraction of  the
piezoelectric disc 24 is indicated in the table by a
"C" symbol. In the sequence  shown in Figure 5, the
piezoelectric disc expands to push itself away from A
and then 5 relaxes to pull itself towards C, whereas
in the sequence of Figure 6 the piezoelectric  disc
contracts to pull itself towards C and then relaxes to
push itself away from A. It  will be appreciated that
the piezoelectric disc may preferentially expand about
its  relaxed state rather than contract. For this
reason, although the sequence shown in  Figure 6 is
possible, that of Figure 5, which relies on expansion
of the piezoelectric  10 disc may be preferred. The
amount by which the piezoelectric disc is moved during
such sequences is  determined by the magnitude of the
expansion or contraction of the piezoelectric disc.
Multiple sequences can be executed in series to
successively move the piezoelectric  disc in a chosen
direction by distances greater than is possible in a
single sequence. 15 This can be done by repeating
either of the sequences shown in Figures 5 or 6, for
example, or by executing a modified sequence which
employs both expansion and  contraction of the
piezoelectric disc to increase the distance traveled
in a single  sequence. An example sequence employing
this technique might comprise a  concatenation of the
sequences shown in Figure 5 and Figure 6, but with
steps S5 and 20 S6 from Figure 5 and steps S I and S2
from Figure 6 missing such that the controller  IS
configures the positioner to adopt the state shown in
step S3 of Figure 6 directly  after executing step S4
of Figure 5. Depending on the piezoelectric poling of
the  piezoelectric disc, it may not be possible to use
the same amplitude of contraction as  of expansion~ 25
The piezoelectric disc can be moved in directions
substantially parallel to any  line connecting any
pair of the locations A, B and C. Different amounts of
motion  along different ones of these directions can
be made in series to provide motion of the  mounting
post 26 to a desired position within the range of
travel of the positioner. It  will be appreciated that
in general when executing multiple sequences it will
not be 30 necessary to clamp the piezoelectric disc at
all clamp locations at the end of each 



--- - ----- - - ----  14 August 2006  WO 2005/067072
PCT/GB2005/000037  -14 individual sequence. Although
there is no fundamental limit to the range of motion
which a positioner of the kind shown in Figure 1 can
provide, in general a typical  device will have a
characteristic size of between around I and 10 cm. and
provide a  range of motion of around 100tun to Imm
with a resolution of around 10 to 100 mn  5 and be
capable of positioning a load of perhaps around 10 N.
As noted above, in the sequences of Figures 5 and 6
the net motion of the  centre of the piezoelectric
disc 24 is largely parallel to a line connecting A and
C.  However, the motion will not generally be exactly
parallel to this line. This is because  the direction
of motion has a small dependence on the initial
position of the 10 piezoelectric disc and the
magnitude of its expansion and/or contraction. Because
of  this, in some embodiments the positioner will
include a feedback mechanism to assist  with
positioning. For example, in one application the
positioner might be used in a  system for aligning an
optical fibre with another component, such as another
optical  fibre. In such a case, rather than direct the
positioner to an absolute position, the 15 controller
18 may drive the positioner using conventional
feedback techniques to  maximize the light coupled
from one fibre to the other. More generally, feedback
mechanisms can be used for positioning the moveable
part relative to the fixed part  based on any
parameter which depends on the position of the
moveable part. Figure 7 schematically shows in
vertical section a piezoelectric positioner 36  20
according to a second embodiment of the invention.
Parts ofthe positioner 36 which  are similar to parts
of the positioner of the first embodiment are
identified by the same  reference numerals. These
parts will be understood from the corresponding parts
of  the first embodiment and are not described here
finther. The positioner of Figure 7  differs from that
of Figure 2 in the design of its releasable clamp
mechanisms. The 25 section view of Figure 7 is taken
in a folded-plane which is similar to that of Figure 3



and which passes through one releasable clamp
mechanism 38A to the centre of the  piezoelectric disc
24 and then through another releasable clamp mechanism
38B. In  this example, the releasable clamp mechanism
38A, 3813 (and a farther one not  shown) are identical
to one another and only releasable clamp mechanism 38A
is 30 described in detail. In place of the rigid
support 30A of the releasable clamp - -- ------- 14
August 2006  WO 2005/067072 PCT/GB2005/000037
mechanism 28A seen in Figure 3, the releasable clamp
mechanism 38A of Figure 7  employs a rigid support 40A
onto which a piezoelectric support element 42A is
mounted. The remainder of the releasable clamp
mechanism 38A is similar to and will  be understood
from the corresponding parts of the releasable clamp
mechanism 28A 5 of Figure 3. The piezoelectric support
element 42A is arranged such that it may be  driven by
the controller 18 to expand and contract in a
direction perpendicular to the  piezoelectric disc 24.
An object supported by the positioner 36 of Figure 7
may be moved within a  plane in the same manner as
described above for the first embodiment. During this
10 motion the piezoelectric support elements
associated with each of the releasable clamp
mechanisms remain passive. Once a desired position is
reached, however, the  piezoelectric support elements
and the piezoelectric clamping elements associated
with each of the releasable clamp mechanisms can be
co-operatively driven to raise or  lower the
piezoelectric disc 24. This can be achieved while
maintaining a clamping 15 force on the piezoelectric
disc. For example, by expanding all of the
piezoelectric  support elements by an amount Ali and
contracting all of the piezoelectric clamping
elements by the same amount, the piezoelectric disc is
raised by Ali. The positioner of  Figure 7 therefore
provides for motion along the z-axis as well as in the
xy-plane. By  applying different expansions and/or
contractions to different ones of the releasable 20
clamp mechanism,. a degree of tilt can also be
introduced. If large amounts of tilt are  desired, a
degree of flexure may be incorporated into the
releasable clamping  



mechanisms to accommodate the tilt while maintaining a
clamping force. Figure 8 schematically shows in
perspective view a piezoelectric positioner 56
according to a third embodiment of the. invention. The
piezoelectric positioner  25 comprises a fixed part
60, a moveable part 62 and four releasable clamp
mechanisms 63A-D. The positioner is driven by a
controller 58 through a signal pathway  schematically
shown as an arrow 59. The fixed part 60 forms a base
which may be  attached to an optical'table, for
example. The moveable part 62 comprises a
piezoelectric device in the form of four passive comer
pieces 64A-D which are 30 connected by four
piezoelectric positioning elements 66A-D. A mounting
post 68 is 14 August 2006  WO 2005/067072 PCT/GB200,;
/000037  -16 attached to one of the corner pieces 64C.
The piezoelectric positioning elements 66A- D are
arranged such each may be independently driven by the
controller 18 to expand  and contract along its length
so as to increase or decrease the separation of the
comer  pieces to which it is attached. The
piezoelectric positioning elements 66A-D may be 5
driven individually or together. A first pair of
releasable clamp mechanisms 6613, 66D  are arranged
parallel to the x-axis and a second pair 66A, 66C are
arranged parallel to  the y-axis. The mounting post 68
serves to provide an upper mounting face on which  an
object to be positioned may be placed. The four
releasable clamp mechanisms  63A-D are disposed at the
comers of a square and configured to provide selective
10 clamping of the comer pieces 64A-D at corresponding
first (A), second (B), third (C)  and fourth (D)
locations under the control of the controller 58. Each
of the releasable  clamp mechanisms 63A-D of Figure 8
is similar to and will be understood from the
releasable clamp mechanisms of the first embodiment of
the invention. Clamping  mechanisms similar to those
of the second embodiment may also be used. 15 Figure 9
is a table showing the state of each of the four clamp
mechanisms  63A-D and the four piezoelectric
positioning elements 66A-D during an example  sequence
for moving the mounting post 68 relative to the fixed
part 60 in a direction  



parallel to the y-axis. This table is similar to and
will be understood from the tables of  Figures 5 and
6. 20 In step Sl, the piezoelectric positioner 36 is
in an initial state with all four  clamp mechanisms
63A-D holding their respective comer pieces 64A-D at
respective  locations A, 13, C and D and all four
piezoelectric positioning elements 66A-D are  relaxed.
In step S2, the comer pieces 64C, 64D are released at
C and D (i.e. releasable  clamp mechanisms 63C, 63D
are activated by the controller 58 to remove their 25
clamping force from their comer pieces). In step S3
the piezoelectric positioning  elements 66A, 66C which
are aligned with the y-axis are expanded by an amount
AY.  This moves the mounting post 68 by a
corresponding amount. In step S4, the  piezoelectric
positioning elements 66A, 66C remains expanded while
the releasable  clamp mechanisms at locations C and D
are configured to clamp their respective 30 comer
pieces and the releasable clamp mechanisms at
locations A and B subsequently 14 August 2006  WO
2005/067072 PCT/GB2005/000037 -17- released. In step
S5, the piezoelectric positioning elements 66A, 66C
are relaxed such  that they contract to their initial
size. In step S6, the releasable clamp mechanisms
associated all four locations A-D are configured to
clamp their respective comer  pieces 64A-D. At this
stage the sequence is complete, the mounting post 68
having 5 being moved by an amount AY in a direction
parallel to the y-axis. Multiple sequences  can be
executed to move the mounting post by distances
greater than AY. Smaller  distances can be achieved by
expanding the piezoelectric positioning elements by a
correspondingly smaller amount in steps S3 and S4 of
the sequence shown in Figure  9. It will be
appreciated that motion parallel to the x-axis can be
achieved using a  10 similar sequence. Figure 10 is a
table showing the state of each of the four clamp
mechanisms  63A-D and the four piezoelectric
positioning elements 66A-D during an example  sequence
for moving the mounting post 68 relative to the fixed
part 60 in a direction  



which is not parallel to either the x- or y-axes. In
this example the mounting post is 15 moved in a
direction parallel to an imaginary line connecting
between locations B and  D. This table is similar to
and will be understood from the tables of Figure 5, 6
and 9  and will not be described fin-ther in detail.
Although the amounts of expansion and/or contraction
of the pair of  piezoelectric positioning elements
66B, 66D aligned with the x-axis and the pair 66A,  20
66C aligned with the y-axis could be the same to
provide a motion step at 450 to the x- and y- axes,
they may also be different to provi de a motion step
in an arbitrary  direction in the xy-plane. A degree
of angular motion of the moveable part relative to the
fixed part  about an axis perpendicular to the
xy-plane may be achieved by expanding the  25
piezoelectric positioning elements 66A-D by different
amounts. To avoid unduly stressing the piezoelectric
positioning elements during this action, a flexure
joint  where each piezoelectric positioning element
joins a comer piece may be included.  The flexure
joints may, for example, comprise pin joints
configured such that the  piezoelectric positioning
elements can rotate in the xy-plane about the pin
joint. - --------------- --- --- --- - ---- 14 August
2006 WO 2005/067072 PCT/GB2005/000037  Figure 11
schematically shows in perspective view a three-axis
piezoelectric  positioner 116 for positioning an
object in three dimensions. In the orientation shown
in Figure 11, the positioner 116 is arranged to move
an object in a horizontal xy-plane  and/or along a
vertical z-axis which is perpendicular to the
horizontal plane. The 5 piezoelectric positioner 116
comprises a fixed part 120, a moveable part 122 and
three  releasable clamp mechanisms 128A-C. The
positioner is driven by a controller 118  through a
signal pathway schematically shown as an arrow 119.
The moveable part  122 comprises an upper
piezoelectric ring 124 and a lower piezoelectric ring
126.  These rings are separated by three piezoelectric
spacer elements 146A-C. The 10 piezoelectric rings
124, 126 are arranged such that they may be
independently driven  



by the controller 118 to expand and contract radially
in an xy-plane. The piezoelectric  spacer elements
146A-C are arranged such that they may be driven by
the controller  118 to expand and contract parallel to
the z-axis so as to increase or decrease the
separation between the piezoelectric rings 124, 126. A
cylindrical piezoelectric 15 mounting post 127 passes
through the openings in the two piezoelectric rings
124,  126. The piezoelectric mounting post 127
comprises an upper piezoelectric mounting  post
element 140 and a lower piezoelectric mounting post
element 142. These two  piezoelectric mounting post
elements are connected together by a centrally located
fixing 144. The upper and lower piezoelectric mounting
post elements are arranged 20 such that they may be
independently driven by the controller 18 to expand
and  contract radially in an xy-plane. The centrally
located fixing 144 allows for relative
expansion/contraction between the upper and lower
piezoelectric mounting post  elements 140, 142 without
unduly stressing their interface. In normal use, that
is when  not being repositioned, the mounting post
elements are appropriately expanded by an 25 amount 8B
such that they are ffiction gripped within the opening
of their respective  piezoelectric ring. The three
releasable clamp mechanisms 128A-C are disposed at the
vertices of an equilateral triangle and configured to
provide selective clamping of the  moveable part 122
at first (A), second (B) and third (C) locations under
the control of  the controller 118. The clamping acts
between the upper face of the upper 30 piezoelectric
ring 124 and the lower face of the lower piezoelectric
ring 126. The  piezoelectric spacer elements 146A-C
are positioned generally in-line with the - -
--------- 14 August 2006 WO 2005/067072
PCT/GB2005/000037  -19- clamping locations A, B, C to
reduce possible flexure of the piezoelectric rings
124,  126 when a clamping force is applied by the
releasable clamp mechanisms 128A-C.  However, they may
be otherwise positioned. Figure 12 schematically shows
in vertical section the piezoelectric positioner  



5 116 shown in Figure 11 - The section view of Figure
12 is taken in a folded-plane  which passes through
the releasable clamp mechanism 128A to the centre of
the  moveable part 122 and then through the releasable
clamp mechanism 128B. The  releasable clamp mechanisms
128A, 128B, 128C are identical to one another and only
releasable clamp mechanism 128A is described here. The
releasable clamp 10 mechanism 128A comprises a gantry
134A, a piezoelectric clamping element 132A, a  rigid
support 150A and a piezoelectric support element 152A-
The rigid support 150A  and the gantry 134A are
attached to the fixed part 120. The moveable part 122
rests on  the piezoelectric support element 152A which
in turn is mounted on the rigid support  150A. The
piezoelectric clamping element 132A is attached to the
gantry 34A such 15 that is held over the upper
piezoelectric ring 124 of the moveable part 122 in
vertical  alignment with the piezoelectric support
element 152A. The piezoelectric clamping  element 132A
and the piezoelectric support element are arranged
such that they may  be independently driven by the
controller 118 to expand and contract parallel to the
z- axis. In its relaxed state the piezoelectric
clamping elemeirt 132A contacts the upper 20
piezoelectric ring 124 of the moveable part 122 and so
provides a clamping force at  location A. When the
piezoelectric clamping element 132A is driven by the
controller  118 to contract, the clamping force at A
is released. Although the releasable clamp mechanism
128A is arranged to apply a  clamping force between
the upper face of the upper piezoelectric ring 124 and
the  25 lower face of the lower piezoelectric ring
126, rather than between the upper and lower faces of
the single piezoelectric disc 24 of Figure 7, it will
be appreciated that  the releasable clamp mechanisms
128A is otherwise able to function in the generally
same manner as the releasable clamp mechanisms 38A-C
of Figure 7. 14 August 2006  WO 2005/067072
PCUGB2005/000037 -20- Figure 13 is a table showing the
state of each of the three releasable, clamp
mechanisms 128A-C, the upper and lower piezoelectric
rings 124, 126 and the upper  



and lower piezoelectric mounting post elements 140,
142 during an example sequence xy- for moving the
piezoelectric mounting post 127 relative to the fixed
part 120 in an 5 plane. The piezoelectric support
elements 152A-C and piezoelectric spacer elements
146A-C remain passive during this motion. In executing
this example sequence the  piezoelectric mounting post
127 is moved in a direction substantially parallel to
an  imaginary line connecting locations A and C and in
a direction from A towards C.  This table is similar
to and will be understood from the tables of Figure 5,
6, 9 and 10. 10 However, an additional state is
included. This is identified by a "80' symbol and
indicates when the upper and lower piezoelectric
mounting post elements 140, 142 are  in their normal
operating state - i.e. slightly expanded so as to be
gripped by the  piezoelectric rings 124, 126. The
sequence shown in Figure 13 corresponds closely to
that shown in Figure  15 5 and operates *to move the
moveable part 122 in a broadly similar manner.
Accordingly, the operational sequences for the
releasabIe, clamp mechanisms 128A-C  in the sequence
of Figure 13 correspond to the sequence shown in
Figures 4 and 5 and  will not be described here
further. The main differences between the sequence
shown  in Figure 13 and that shown in Figure 5 is that
the upper and lower piezoelectric rings 20 124, 126
are expanded (or contracted) simultaneously in steps
S3 and S4 of Figure 13,  whereas in the embodiment of
Figure 5 there is only one piezoelectric disc 24 to be
exercised. To prevent the mounting post 127 dropping
through the openings in the  piezoelectric rings 124,
126 when they are expanded, the upper and lower
piezoelectric mounting post elements are also expanded
in steps S3 and S4 of Figure 25 13 to maintain their
friction grip. In variants of the sequence shown in
Figure 13  which employ contraction of the
piezoelectric rings 124, 126 (for example in a
sequence broadly corresponding to that of Figure 6)
the upper and lower piezoelectric  mounting post
elements can be appropriately contracted when the
piezoelectric rings  are contracted. 14 August 2006  



WO 2005/067072 PCT/GB2005/000037 -21- Figure 14 is a
table showing the state of each of the three
piezoelectric  clamping elements 132A-C, the three
piezoelectric spacer elements 146A-C and the  upper
and lower piezoelectric mounting post elements 142,
140 during an example  sequence for moving the
piezoelectric mounting post 127 relative to the fixed
part 120 5 in a direction parallel to the z-axis.
During this motion, the three piezoelectric  clamping
elements 132A-C are all activated according to the
same sequence and so  only a single column is included
in the table. The same is true for the three
piezoelectric spacer elements 146A-C. The
piezoelectric rings 124, 126 and the  piezoelectric
support elements 150A-C remain passive during this
sequence. In 10 executing this example sequence the
piezoelectric mounting post 127 is moved  downwards by
an amount AZ. This table is similar to the tables of
Figure 5, 6, 9 and  10 and uses a similar notation.
One difference between the tables is that Figure 14
shows the state of the piezoelectric clamping elements
as either relaxed, contracted or  expanded. This is in
contrast to the earlier tables which show the
functional state of 15 the releasable clamp mechanisms
(i.e. clamped or released), rather than the state of
the  actual piezoelectric clamping elements. This is
because the releasable clamp  mechanisms 128A-C
provide a consistent vertical clamping force on the
moveable  122 part throughout the sequence shown in
Figure 14. Step Sl of Figure 14 corresponds to an
initial state of the positioner 116. The  20
piezoelectric clamping elements 132A-C and the
piezoelectric spacer elements 146A- C are all relaxed.
The upper and lower piezoelectric mounting post
elements 140, 142  are slightly expanded so as to
provide a friction-grip fit within the respective
openings  in the piezoelectric rings 124, 126, as
described above. In step S2, the upper  piezoelectric
mounting post element 140 is contracted such that the
mounting post 25 127 formed of the upper and lower
piezoelectric mounting post elements is supported
only by the lower piezoelectric ring 126. In step S3,
the piezoelectric clamping  elements 132A-C are all
contracted by an amount AZ while at the same time the



piezoelectric spacer elements 146A-C are expanded by
the same amount. This has the  effect of maintaining a
vertical clamping force which prevents motion of the
30 moveable part 122 in the xy-plane but raises the.
upper piezoelectric ring 124 relative 14 August 2006
WO 2005/067072 PCT/GB2005/000037  -22 to the fixed
part 120 by an am un AZ. In step S4, the upper
piezoelectric mounting  post element is returned to
its slightly expanded state such that it is again
friction  gripped by the upper piezoelectric ring. In
step S5, the lower piezoelectric mounting  post
element 142 is contracted such that the mounting post
127 is now supported only 5 by the upper piezoelectric
ring 124. In step S6, the piezoelectric clamping
elements  132A-C and the piezoelectric spacer elements
146A-C are returned to their relaxed  states. This has
the effect of lowering the upper piezoelectric ring
124 relative to the  fixed part 120 by an amount AZ
while maintaining a vertical clamping force on the
moveable part 122. Because the mounting . post 127 is
supported by the upper 10 piezoelectric ring and free
to move within the opening in the lower piezoelectric
ring,  the mounting post 127 is also lowered by an
amount AZ during this operation. In step  S7, the
lower piezoelectric mounting post element 142 is
returned to its slightly  expanded state such that it
is again gripped by the lower piezoelectric ring. This
is the  end of the sequence. The mounting post 127 has
been move downwards by an amount 15 AZ while the other
components are returned to their initial positions.
Multiple  sequences and sequences of different
amplitude (i.e. different AZ) can be executed to
provide a larger range of movements. It will be
appreciated that many other sequences  may be
executed, for example to achieve an upward motion.
Sequences may also be  employed which include
contraction and/or expansion of the piezoelectric
support 20 elements in combination to provide an
increased range of motion per sequence  execution.
Figure 15 schematically shows in vertical section a
piezoelectric clamping  element 160 that may be used
as an alternative to the piezoelectric clamping
element  



32A shown in Figure. 3. The piezoelectric clamping
element 160 comprises a 25 piezoelectric stack 162
positioned within a flexure structure 164. In this
example, the  flexure structure comprises a pair of
relatively stiff connecting beams 166 which are
connected at their ends by flexure parts 168. The
flexure structure 164 may be a  unitary or a component
structure. The piezoelectric stack 162 is mounted
between the  flexure parts 168 and arranged such that
it may be driven by a controller, e.g. the 30
controller 18 shown in Figure 2, to expand and
contract in a direction which is 14 August 2006  WO
2005/067072 PCT/GB2005/000037 -23- horizontal (for the
orientation shown in Figure 15). As the piezoelectric
stack 162  expands horizontally, the connecting beams
166 are brought together due to the  flexure of the
flexure parts 168. Similarly, as the piezoelectric
stack 162 contracts, the  connecting beams move apart
from one another. Accordingly, the piezoelectric 5
clamping element 160 can be configured to apply a
vertical clamping force between a  gantry and a
piezoelectric disc (e.g. the gantry 34A and
piezoelectric disc 24 shown in  Figure 3 where the
piezoelectric clamping element 160 replaces that shown
in Figure  3) when in a relaxed state, and to release
this force when the piezoelectric stack 162 is  driven
to expand. 10 By using the arrangement shown in Figure
15, the piezoelectric clamping  element 160 can apply
a clamping force when relaxed (so no power supply is
needed)  and also functions to release this force when
the piezoelectric stack is driven to  expand (which is
generally more efficient than contraction for
piezoelectric stacks).  The arrangement essentially
reverses the operation of the piezoelectric stack 162
so 15 that its expansion creates a contraction of the
flexure structure 164 in a direction  perpendicular to
the piezoelectric stack expansion (i.e. vertical in
Figure 15). This  direction is the clamping direction.
Mechanical amplification may be achieved by
appropriate selection of shape for the flexure parts.
With semi-circular parts, as shown  in Figure 15, the
mechanical amplification is close to unity. 



20 It will be appreciated that devices of the kind
shown in Figure 15 may equally  be used in place of
other ones of the piezoelectric elements associated
with the  releasable clamping mechanisms, for example,
the piezoelectric support element 42A  shown in Figure
7 and/or the piezoelectric spacer elements 146A shown
in Figure 12  may comprise similar devices. 25 --
----------- ---- -- - - ---------- 14 August 2006 WO
2005/067072 PCT/GB2005/000037  -24- REFERENCE [1] US 3
902 084 (Burleigh Instruments Inc.)  [2] US 3 902 085
(Burleigh Instruments Inc.) - ---- - ---- 14 August
2006  WO 2005/067072 PCT/GB2005/000037  -25- CLAIMS 1.
A multi-axis piezoelectric positioner comprising:  a
fixed part; a moveable part positionable in a plane
relative to the fixed part, the  5 moveable part
comprising a piezoelectric device operable to expand
and contract  within the plane; and first, second and
third releasable clamp mechanisms operable to
selectively clamp the moveable part to the fixed part
at corresponding first, second  and third locations
such that the moveable part may be moved within the
plane by 10 selected activation of ones of the
releasable clarap mechanisms as the piezoelectric
device, is expanded or contracted, wherein the
releasable clamping mechanisms each  comprise a
piezoelectric actuator operable to apply a clamping
force to the moveable  



part along a direction perpendicular to the plane. 2.
A multi-axis piezoelectric positioner according to
claim 1, wherein the  15 piezoelectric device consists
of a single piezoelectric element. 3. A multi-axis
piezoelectric positioner according to clairn 1,
wherein the  piezoelectric device comprises a
plurality of piezoelectric elements. 4. A multi-axis
piezoelectric positioner according to claim 1, wherein
the  piezoelectric device comprises four piezoelectric
elements arranged to form the sides  20 of a
rectangle. 5. A multi-axis piezoelectric positioner
according to cWm 4, further comprising  a fourth
releasable clamp mechanism, wherein the first, second,
third and fourth  releasable clamp mechanisms are
arranged to act at corresponding ones of the four
comers of the rectangle. 25 6. A multi-axis
piezoelectric positioner according to claim 4 or claim
5, further  comprising comer-pieces at the comers of
the rectangle. 14 August 2006  WO 2005/067072
PCT/GB2005/000037 -26- 7. A multi-axis piezoelectric
positioner according to any one of the preceding
claims, wherein the piezoelectric actuators each
comprise a piezoelectric element  mounted in a flexure
member and arranged such that the piezoelectric
element maybe  driven to expand in a direction
substantially parallel to the plane, thus causing the
5 flexure member to contract in a direction
substantially perpendicular to the plane and  release
the clamping force. 8. A multi-axis piezoelectric
positioner according to any one of the preceding
claims, wherein the releasable clamping mechanisms
each comprise a flirther  piezoelectric actuator
configured to cooperate with the first mentioned
piezoelectric 10 actuator so as to move the moveable
part relative to the fixed part along a direction
peipendicular to the plane while maintaining a
clamping force. 9. A multi-axis piezoelectric
positioner according to any one of the preceding  



claims, wherein the moveable part further comprises a
carrier coupled to the  piezoelectric device and
extending along a direction perpendicular to the
plane, the 15 carrier having a mounting face to which
an object to be positioned may be attached.  10. A
multi-axis piezoelectric positioner according to claim
9, wherein the  moveable part comprises a second
piezoelectric device spaced from the first  mentioned
piezoelectric device along a direction perpendicular
to the plane by an  adjustable spacer such that the
separation between the first mentioned and second 20
piezoelectric devices is changeable, the carrier being
held by the first mentioned and  second piezoelectric
devices such that it may be moved in a direction
perpendicular to  the plane by changing the separation
of the first mentioned and second piezoelectric
devices as the carrier is selectively held and
released by the first mentioned and  second
piezoelectric devices. 25 11. A multi-axis
piezoelectric positioner according to claim 9, wherein
the carrier  comprises a one-axis positioner such that
the position of the mounting face may be  positioned
along an axis perpendicular to the plane. 14 August
2006  WO 2005/067072 PCT/GB2005/000037 -27- 12. A
multi-axis piezoelectric positioner according to any
one of the preceding  claims, flirther comprising a
controller configured to activate the piezoelectric
device  and the releasable clamp mechanisms in a
pre-determined sequence to position the  moveable part
relative to the fixed part. 5 13. A multi-axis
piezoelectric positioner according to any one of the
preceding  claims, flirther comprising a controller
configured to activate the piezoelectric device  and
the releasable clamping mechanisms in response to a
feedback signal to position  the moveable part
relative to the fixed part. 


