
WO 2004/095085 PCT/US2004/002520  PRESSURE ACTUATED
SOLID SLUG OPTICAL LATCHING RELAY  CROSS REFERENCE TO
RELATED APPLICATIONS 5 This application is related to
the following co-pending U.S. Patent  Applications,.
being identified by the below enumerated identifiers
and arranged in  alphanumerical order, which have the
same ownership as the present application and  to that
extent are related to the present application and
which are hereby incorporated  by reference: 10
Application 10010448-1, titled "Piezoelectrically
Actuated Liquid Metal  Switch", filed May 2, 2002 and
identified by Serial Number 10/137,691; Application
10010529-1, "Bending Mode Latching Relay", and having
the  same filing date as the present application;
Application 10010531-1, "High Frequency Bending Mode
Latching Relay",  15 and having the same filing date
as the present application; Application 10010570-1,
titled "Piezoelectrically Actuated Liquid Metal
Switch", filed May 2, 2002 and identified by Serial
Number 10/142,076; Application 10010571-1,
"High-frequency, Liquid Metal, Latching Relay with
Face Contact", and having the same filing date as the
present application; 20 Application 10010572-1,
"Liquid Metal, Latching Relay with Face Contact",  and
having the same filing date as the present
application; Application 10010573-1, "Insertion Type
Liquid Metal Latching Relay", and  having the same
filing date as the present application; WO 2004/095085
PCT/US2004/002520  



2 Application 10010617-1, "High-frequency, Liquid
Metal, Latching Relay  Array", and having the same
filing date as the present application; Application
10010618-1, "Insertion Type Liquid Metal Latching
Relay  Array", and having the same filing date as the
present application; 5 Application 10010634-1, "Liquid
Metal Optical Relay", and having the same  filing date
as the present application; Application 10010640-1,
titled "A Longitudinal Piezoelectric Optical Latching
Relay", filed October 31, 2001 and identified by
Serial Number 091999,590;  Application 10010643-1,
"Shear Mode Liquid Metal Switch", and having the  10
same filing date. as the present application;
Application 10010644-1, "Bending Mode Liquid Metal
Switch", and having  the same filing date as the
present application; Application 10010656-1, titled "A
Longitudinal Mode Optical Latching  Relay", and having
the same filing date as the present application; 15
Application 10010663-1, "Method and Structure for a
Pusher-Mode  Piezoelectrically Actuated Liquid Metal
Switch", and having the same filing date as  the
present application; Application 10010664-1, "Method
and Structure for a Pusher-Mode  Piezoelectrically
Actuated Liquid Metal Optical Switch", and having the
same filing  20 date as the present application;
Application 10010790-1, titled "Switch and Production
Thereof', filed  December 12, 2002 and identified by
Serial Number 10/317,597; 



WO 2004/095085 PCT/US2004/002520  3 Application
10011055-1, "High Frequency Latching Relay with
Bending  Switch Bar", and having the same filing date
as the present application; Application 10011056-1,
"Latching Relay with Switch Bar", and having the  same
filing date as the present application; 5 Application
10011064-1, "High Frequency Push-mode Latching Relay",
and  having the same filing date as the present
application; Application 10011065-1, "Push-mode
Latching Relay", and having the same  filing date as
the present application; Application 10011121-1,
"Closed Loop Piezoelectric Pump", and having the  10
same filing date as the present application;
Application 10011329-1, titled "Solid Slug
Longitudinal Piezoelectric  Latching Relay", filed May
2, 2002 and identified by Serial Number 10/137,692;
Application 10011344-1, "Method and Structure for a
Slug Pusher-Mode Piezoelectrically Actuated Liquid
Metal Switch", and having the same filing date as  15
the present application; Application 10011345-1,
"Method and Structure for a Slug Assisted
Longitudinal Piezoelectrically Actuated Liquid Metal
Optical Switch", and having the  same filing date as
the present application; Application 10011397-1,
"Method and Structure for a Slug Assisted Pusher- 20
Mode Piezoelectrically Actuated Liquid Metal Optical
Switch", and having the same  filing date as the
present application; 



Application 10011398-1, "Polymeric Liquid Metal
Switch", and having the  same filing date as the
present application; WO 2004/095085 PCT/US2004/002520
4 Application 10011410-1, "Polymeric Liquid Metal
Optical Switch", and  having the same filing date as
the present application; Application 10011436-1,
"Longitudinal Electromagnetic Latching Optical
Relay", and having the same filing date as the present
application; 5 Application 10011437-1, "Longitudinal
Electromagnetic Latching Relay", and  having the same
filing date as the present application; Application
10011458-1, "Damped Longitudinal Mode Optical Latching
Relay", and having the same filing date as the present
application; Application 10011459-1, "Damped
Longitudinal Mode Latching Relay", and  10 having the
same filing date as the present application;
Application 10020013-1, titled "Switch and Method for
Producing the Same",  filed December 12, 2002 and
identified by Serial Number 10/317,963; Application
10020027-1, titled "Piezoelectric Optical Relay",
filed March 28,  2002 and identified by Serial Number
10/109,309; .15 Application 10020071-1, titled
"Electrically Isolated Liquid Metal Micro- Switches
for Integrally Shielded Microcircuits", filed October
8, 2002 and identified  by Serial Number 10/266,872;
Application '10020073-1, titled "Piezoelectric Optical
Demultiplexing  Switch", filed April 10, 2002 and
identified by Serial Number 10/119,503; 



20 Application 10020162-1, titled "Volume Adjustment
Apparatus and Method  for Use", filed December 12,
2002 and identified by Serial Number 10/317,293; WO
2004/095085 PCT/US2004/002520  5 Application
10020241-1, "Method and Apparatus for Maintaining a
Liquid  Metal Switch in a Ready-to-Switch Condition",
and having the same filing date as the  present
application; Application 10020242-1, titled "A
Longitudinal Mode Solid Slug Optical  5 Latching
Relay",, and having the same filing date as the
present application;  Application 10020473-1, titled
"Reflecting Wedge Optical Wavelength
Multiplexer/Demultiplexer", and having the same filing
date as the present  application; Application
10020540-1, "Method and Structure for a Solid Slug
Caterpillar  10 Piezoelectric Relay", and having the
same filing date as the present application;
Application 10020541-1, titled "Method and Structure
for a Solid Slug Caterpillar Piezoelectric Optical
Relay", and having the same filing date as the
present application; Application 10030438-1,
"Inserting-finger Liquid Metal Relay", and having  15
the same filing date as the present application;
Application 10030440-1, "Wetting Finger Liquid Metal
Latching Relay", and  having the same filing date as
the present application; Application 10030521-1,
"Pressure Actuated Optical Latching Relay", and
having the same filing date as the present
application; 



20 Application .10030546-1, "Method and Structure for
a Slug Caterpillar  Piezoelectric Reflective Optical
Relay", and having the same filing date as the present
application. WO 2004/095085 PCT/US2004/002520  6 FIELD
OF THE INVENTION The invention relates to the field of
optical switching relays, and in particular  to a
pressure actuated optical relay that latches by means
of a liquid metal.  BACKGROUND 5 Communications
systems using optical signals require the use of
optical  switches and routers. An early approach to
optical switching was to convert the  optical signal
to an electrical signal, use an electrical switch or
router and then convert  back to an optical signal.
More recently, optical relays have been used in which
an  electrical control signal is used to control the
switching or routing of an optical signal. 10 Optical
relays typically switch optical signals by using
movable solid mirrors or by  using the creation of
bubbles in liquid. The moveable mirrors may use
electrostatic  latching mechanisms, whereas bubble
switches do not latch. Piezoelectric latching  relays
either use residual charges in the piezoelectric
material to latch, or actuate  switch contacts
containing a latching mechanism. WO 2004/095085
PCT/US2004/002520  7 SUMMARY  This invention relates
to a pressure actuated optical relay that uses a
liquid  



metal, such as mercury, as a switching mechanism and
as a latching mechanism. The  relay contains a
transparent mirror housing, located at the
intersection of two optical 5 paths.. A solid slug is
moved within a channel passing through the transparent
mirror  housing by the action of pressure in an
actuation fluid. A surface of the solid slug is
wetted by a liquid metal to form a reflective surface.
The solid slug is moved in or  out of the transparent
mirror housing to select between the optical paths.
When the  solid slug is within the optical path, an
incoming optical signal is reflected from the 10
reflective surface of the liquid metal, otherwise the
optical signal passes through the  transparent
housing. Wettable metal surfaces within the channel
provide a latching  mechanism. WO 2004/095085
PCT/US2004/002520  8 BRIEF DESCRIPTION OF THE DRAWINGS
The features of the invention believed to be novel are
set forth with  particularity in the appended claims.
The invention itself however, both as to  organization
and method of operation, together with objects and
advantages thereof, 5 may be best understood by
reference to the following detailed description of the
invention, which describes certain exemplary
embodiments of the invention, taken in  conjunction
with the accompanying drawings in which: FIG. 1 is a
side view of an optical relay consistent with certain
embodiments  of the present invention. 10 FIG. 2 is a
top view of an optical relay consistent with certain
embodiments of  the present invention. 



FIG. 3 is a sectional view through an optical layer of
an optical relay  consistent with certain embodiments
of the present invention. FIG. 4 is a sectional view
through an optical relay array consistent with  15
certain embodiments of the present invention. FIG. 5
is a top view of a seal belt layer of an optical relay
consistent with  certain embodiments of the present
invention. FIG. 6 is a sectional view through an
optical layer of an optical relay array  consistent
with certain embodiments of the present invention. 20
FIG. 7 is a top view of a lower chamber layer of an
optical relay consistent  with certain embodiments of
the present invention utilizing a heater. FIG. 8 is a
sectional view through lower actuation layers of an
optical relay WO 2004/095085 PCT/US2004/002520  9
consistent with certain embodiments of the present
invention utilizing a heater.  FIG. 9 is a top view of
lower actuation layers of an optical relay consistent
with certain embodiments of the present invention
utilizing piezoelectric  elements operating in a
bending mode. 5 FIG. 10 is a sectional view through
lower actuation layers of an optical relay  consistent
with certain embodiments of the present invention
utilizing  piezoelectric elements operating in a
bending mode. FIG. 11 is a top view of lower actuation
layers of an optical relay consistent  with certain
embodiments of the present invention utilizing
piezoelectric  10 elements operating in an extensional
mode. 



FIG. 12 is a sectional view through lower actuation
layers of an optical relay  consistent with certain
embodiments of the present invention utilizing
piezoelectric elements operating in an extensional
mode. FIG. 13 is a top view of lower actuation layers
of an optical relay consistent  15 with certain
embodiments of the present invention utilizing
piezoelectric  elements operating in a shearing mode.
FIG. 14 is a sectional view through lower actuation
layers of an optical relay  consistent with certain
embodiments of the present invention utilizing
piezoelectric elements operating in a shearing mode.
20 FG. 15 is a further top view of lower actuation
layers of an optical relay  consistent with certain
embodiments of the present invention utilizing
piezoelectric elements operating in a shearing mode.
FIG. 16 is a still further top view of lower actuation
layers of an optical relay WO 2004/095085
PCT/US2004/002520  10 consistent with certain
embodiments of the present invention utilizing
piezoelectric elements operating in a shearing mode.
WO 2004/095085 PCT/US2004/002520  11 DETAILED
DESCRIPTION While this invention is susceptible of
embodiment in many different forms,.  there is shown
in the drawings and will herein be described in detail
one or more  specific embodiments, with the
understanding that the present disclosure is to be 



5 considered as exemplary of the principles of the
invention and not intended to limit  the invention to
the specific embodiments shown and described. In the
description  below, like reference numerals are used
to describe the same, similar or corresponding  parts
in the several views of the drawings. The present
invention relates to an optical relay that latches by
means of a  10 liquid metal. The liquid metal may be
mercury or an alloy that contains gallium.  When a
small volume of liquid metal wets a surface, the
surface tension of liquid  metal tends to hold the
liquid metal to the surface. In an optical relay of
the present  invention, a solid slug is used to select
between 'two or more optical paths. The  surface of
the solid slug is wetted by liquid metal and surface
tension is used as a  15 latching mechanism to
maintain the position of the slug. The relay operates
by means of a pressure actuator displacing the solid
slug  within a switching channel. The solid slug is
wettable by a liquid metal and wets  between contact
pads to block an optical path and reflect an optical
signal into an  alternate path. The slug is solid,
rather than liquid, but may be hollow. In operation,
20 pressure is applied to the ends of the switching
channel to break the surface tension  bond between the
slug and the contact pads and move the slug out of the
optical path.  The surface tension bond provides a
latching mechanism. The liquid metal can wet to WO
2004/095085 PCT/US2004/002520  12 wettable metal
elements in the optical path cavity, thereby creating
a mirror effect that  can be used to redirect the
optical signal in a different direction. In one
embodiment, the switch is made using micro-machining
techniques for  



small size. The micro-machined optical relay of the
present invention is made up of a  5 number of layers.
FIG 1 is side view of an optical relay 100 of one
embodiment of the present invention. Referring to FIG.
1, the relay comprises a top cap layer 102, an  upper
chamber layer 104, an upper duct layer 106, an upper
seal belt or spacer layer  108, an upper optical layer
110, a middle seal belt or spacer layer 112, a lower
optical  layer 114, a lower seal belt or spacer layer
116, a lower duct layer 118, a lower 10 chamber layer
120 and a bottom cap layer 122. The upper optical
layer 110 contains  an input optical path or waveguide
and two output optical paths or waveguides. One  of
the output waveguides 206 constitutes part of a first
reflected path through the  relay.. Layer 114 may
optionally contain additional optical waveguides and
function  as a lower optical layer. Waveguide 124
constitutes part of a' second (optional) 15 reflected
path. The spacer layers 108, 112, 'and 116 contain
seal belt metal contacts  that provide the latching
mechanism for the relay and will be referred to as the
upper,  middle and lower seal belt layers
respectively. FIG. 2 is a top view of an optical relay
in accordance with one embodiment of  the invention.
The broken lines indicate hidden structure that
includes a first input  20 waveguide 202, a second
input waveguide 208, a first output waveguide 204 and
a second output waveguide 206. A triangular mirror
housing 210 extends vertically  through the optical
paths. WO 2004/095085 PCT/US2004/002520  13 FIG. 3 is
a sectional view through the section 3-3 shown in FIG.
1. The  section is taken through the upper optical
layer 110. The first output waveguide 204  



is optically aligned with the first input waveguide
202 to form a first direct optical  path through the
layer. The second output waveguide 206 may be
optically aligned 5 with an optional second input
waveguide 208 to form a second direct optical path
through the layer. The second optical output path or
waveguide 206 intersects the  direct optical path. In
operation, an optical signal enters path 202 (from.the
left in the  figure) and either passes directly
through the relay via path 204 or is deflected to exit
the relay through path 206. A transparent, hollow tube
210 is located at the 10 intersection of the paths 202
and 206. The transparent, hollow tube .210 is also
referred to as a transparent mirror housing in the
sequel. The axis of tube is  substantially
perpendicular to the layer 110. Tubes having other
than triangular cross- sectional shapes may be used,
however, one face of the tube should be planar and
angled so that the normal to the face bisects the
angle between the path 202 and the 15 path 206. In
FIG. 3, the paths are at right angles, so the face is
angled at 45. Other  angles may be used without
departing from the present invention. A solid slug 302
is  positioned in a switching channel that passes
through the transparent tube 210, and is  free to
slide axially along the switching channel. The slug is
wetted by a liquid metal  304. Where the transparent
tube passes through the optical layer, the corners of
the 20 transparent tube are filled with a wettable
metal 112. The liquid metal 304 is drawn  across the
face of the transparent tube by the surface tension
attracting the liquid  metal to the wettable metal 306
in the corners of the tube. As a result, the surface
of  the liquid metal is planar and highly reflective.
An optical signal entering the channel WO 2004/095085
PCT/US2004/002520  14 



202 is reflected from the surface of the liquid metal
and exits the relay through  channel 206. When the
solid slug is moved out of the path of the optical
signal, the  optical signal passes through the
transparent tube and exits the relay through channel
204. In operation, the solid slug moves . axially
along the channel through the 5 transparent tube. A
small-diameter pressure equalization passage 308
allows pressure  to be slowly equalized across the
solid slug. This is discussed further below with
reference to FIG. 4. FIG. 4 shows a sectional view
along the section 4-4 in FIG. 2. The optical  relay
100 is made up of a number of layers that may be
formed by micro-machining.  10 A pressure equalization
passage 308 connects chamber 412 with chamber 416. The
passage has a small cross-sectional area relative to
the ducts 414 and 418. Creation of  pressure
fluctuations in a chamber (e.g. 412) primarily acts on
the solid slug 302 to  move it. After the slug has
moved to its new position, the pressure change is
relieved  slowly through the passage 308 so that
releasing the pressure fluctuation does not 15 cause
the slug 302 to be "sucked back" to its original
position. Layers 108, 112 and  116 contain contact
pads or seal belts 406. Theses contact pads are
wettable by the  liquid metal. The transparent mirror
housing 210 extends between the upper seal belt  layer
108 and the lower seal belt layer 116. Alternatively,
two separate mirror  housings may be used, one in each
of the optical layers 110 and 114. In this 20
embodiment, there are two optical layers, 110 and 114.
In general, a single layer  could be used, or multiple
layers created by stacking relays on top of each
other.  Liquid metal 304, coating solid slug 302, wets
between the seal belts 406 in the, upper  seal belt
layer 108 and the middle seal belt layer 112. In this
position, the wetted  



15 WO 2004/095085 PCT/US2004/002520  15 surface of the
solid slug reflects light out of the relay along
waveguide 206. The slug  may be moved by increasing
the pressure of an inert actuation fluid in chamber
412 in  the upper chamber layer 104. The increased
pressure moves actuation fluid along the  duct 414 in
the Lipper duct layer 106 into the switching channel
404. This breaks the 5 liquid connection between the
slug and the seal belts and moves the slug down the
switching channel. As a result, the slug fills the
space between the middle and lower  seal belts (in the
layers 112 and 116 respectively). Light entering the
relay in the  upper optical layer 110 can now pass
through the transparent mirror housing and exit  the
relay along the direct path. Light entering the relay
the lower optical layer 114 10 along path 408 is
reflected by the liquid metal and. exits the relay
along path 124. A  corresponding chamber 416 in the
lower chamber layer 120 is connected via duct 418  in
the lower duct layer 118 to the lower end of the
switching channel 404 in the mirror  housing 210.
Increasing the pressure of an inert actuation fluid in
this chamber moves  the slug back up the switching
channel. 15 FIG. 5 is a top view of the upper seal
belt layer 108 of a relay array. The  middle and lower
seal belt layers have similar structures. Triangular
holes in the layer  support the transparent mirror
housing 210 and the seal belt contact 406. Layers 112
and 116 have similar structures. In a further
embodiment, the transparent mirror  housing 210 is
located only in the optical layers, and the seal belt
contact 406 lines the 20 triangular hole in the layer.
The pressure equalization passage 308 passes through
the  



layer 108 to connect the upper and lower pressure
chambers. As illustrated in FIG. 6, multiple relays
may be integrated to form a switching  array. FIG. 6
is a sectional view through an upper optical layer 110
of a relay array.  16 WO 2004/095085 PCT/US2004/002520
16 An optical signal entering the relay array along
any of the three input waveguides 202  may be switched
to any one of the three outputs 206 or allowed to pass
directly  through the relay and exit along the
corresponding waveguide 204. Wettable metal  306 fills
the corners of the transparent mirror housing, to draw
the liquid metal across 5 the face of the housing and
form a reflective surface. Pressure equalization
passages  308 pass through the layer 110 to connect
the upper pressure chambers with  corresponding lower
pressure chambers. FIG. 7 is a top view of the lower
chamber layer 120 and bottom cap layer in  accordance
with one embodiment of the invention. The pressure in
lower pressure  10 chamber 416 is 'increased by
energizing a pressure actuator 702. The resulting
pressure difference across the solid slug moves it up
the switching channel. In this  embodiment, the
pressure actuator 702 is a heater resistor. When the
heater 702 is  energized, the pressure of an inert gas
in the chamber 416 is increased. This in turn  creates
a pressure differential across the solid slug, causing
it to move along the  15 switching channel. FIG.8 is a
sectional view through the section 8-8 in, FIG. 7. The
pressure  actuator 702 'and associated circuitry may
be deposited on the upper surface of bottom  



cap layer 122. A second heater resistor is positioned
within the upper chamber  pressure and is used to move
the solid slug down the switching channel. 20 In a
further embodiment of the present invention, a
phase-change liquid 804 is  in wetted contact with the
heater resistor 702. When heated, the liquid changes
from  a liquid phase to a gas phase and in so doing
increases in volume. This volume  change increases the
pressure in the actuation fluid and activates the
switch. When  17 WO 2004/095085 PCT/US2004/002520  17
the heater 702 cools, the phase-change liquid
condenses on the heater. A second  phase-change liquid
is in wetted contact with the heater in the lower
pressure chamber  and operates in a similar manner.
The phase-change liquid may be an inert organic
liquid such as a low viscosity Fluorinert manufactured
by 3M. Use of phase-change 5 liquid may provide faster
switching times as compared with gas heating. In turn,
this  reduces energy losses into the substrate FIG. 9
is a top view of the lower chamber layer 120 and
bottom cap layer in  accordance with one embodiment of
the invention. The pressure in lower pressure  chamber
416 is increased by energizing a number of pressure
actuators 702. In this 10 embodiment, the pressure
actuators 702 are piezoelectric elements acting on a
flexible  diaphragm 902 that forms one side of the
lower pressure chamber 416. The  piezoelectric
elements are contained within a back cavity 904. FIG.
10 is a sectional view through section 10-10 in FIG.
9. The pressure in  chamber 416 is controlled by the
action of piezoelectric elements 702 acting on a  



15 flexible diaphragm 902. The piezoelectric elements
702 are configured to deform in a bending mode when a
voltage is applied across them. The polarity of the
voltage  determines whether the volume of the chamber
416 is increased or decreased, so the  actuators may
increase or decrease the pressure in the chamber. A
corresponding set  of piezoelectric actuators control
the pressure in the upper pressure chamber. The 20
slug may be moved upwards in the channel by increasing
the pressure in lower  chamber 416 and, optionally,
decreasing the pressure in upper chamber. The backing
chamber 904 may be formed as a cavity in the bottom
cap layer 122, or by placing a  spacing layer 1002
between the chamber layer 120 and the bottom cap layer
122. The  18 WO 2004/095085 PCT/US2004/002520  18
backing chamber may be created by micro-machining
techniques. FIG. 11 is a top view of the lower chamber
layer 120 and bottom cap layer in  accordance with a
further embodiment of the invention. In this
embodiment, the  .pressure actuator 702 is a
piezoelectric element that deforms in an extensional 5
(vertical) mode when a voltage is applied across it.
The actuator 702 is located within  .a backing chamber
904 and acts on a flexible diaphragm 902 that forms
one side of  the lower pressure chamber 416. FIG. 12
is a sectional view through the section 12-12 in FIG.
11. The  piezoelectric element 702 is configured to
deform in an extensional mode when a  10 voltage is
applied across it, and thereby deflect the diaphragm
902 that partially bounds the chamber 416. The
polarity of the voltage determines whether the volume



of the chamber 416 is increased or decreased, so the
actuator may increase or decrease  the pressure in the
chamber. A corresponding piezoelectric. actuator
controls the  pressure in the upper chamber.
Electrical connections to the actuator 702 pass 15
through the cap layer 122 and facilitate the
connection of external control signals.
Alternatively, the connections may be traces formed on
the circuit layer that terminate  the edge of the
layer. The slug may be moved upwards by increasing the
pressure in  chamber 416 and, optionally, moved
downwards by decreasing the pressure in  chamber 416.
20 FIG. 13 is a top view of the lower chamber layer
120 and bottom cap layer in  accordance with a still
further embodiment of the invention. In this
embodiment, the  pressure actuator 702 comprises a
number of piezoelectric elements that deform in a
shearing mode when a voltage is applied across them.
The polarity of the voltage  19 WO 2004/095085
PCT/US2004/002520  19 determines whether the volume of
the chamber 416 is increased or decreased, so the
actuators may increase or decrease the pressure in the
chamber. A corresponding set  of piezoelectric
actuators control the pressure in the lower chamber.
Operation of the  actuators is described below with
reference to FIGs. 15 and 16. The action of the 5
piezoelectric actuators 702 forces actuation fluid out
of the chamber 416, through the  duct in the lower
duct layer and into the switching channel in the
mirror housing. The  piezoelectric. elements are
backed by cavities 1302. Pressure equalization is
provided  by a duct 1304 that couples the chamber 416
to a fluid reservoir 1306. A further  



pressure equalization passage (not shown) couples the
lower fluid reservoir 1306 to  10 the upper reservoir
(at the other end of the transparent mirror housing).
FIG. 14 is a sectional view through the section 14-14
in FIG. 13. The  piezoelectric elements 702 partially
bound the pressure chamber 416 and separate it  from
backing chambers 1302. Actuation fluid may flow
between the pressure  chamber 416 and the fluid
reservoir 1306 through vent 1304 in the vent layer
1402. 15 The vent is sized to restrict fluid flow, so
that the pumping action of the piezoelectric  elements
is not impaired. The reservoir may be formed in the
cap layer 122 or formed  by placing a spacer layer
1002 between the cap layer and the vent layer 1402. A
further pressure equalization passage (not shown)
couples the lower fluid reservoir  1306 to the upper
reservoir (at the other end of the transparent mirror
housing). 20 FIG. 15 and FIG. 16 illustrate the
operation of the piezoelectric actuators.  Referring
to FIG. 15, each of the actuators 702 is made up of
two piezoelectric  elements coupled edge to edge and
deformed in a shear mode. When sheared  inwards, as
shown in FIG. 15, the volume of chamber 416 is
decreased. When WO 2004/095085 PCT/US2004/002520  20
sheared outwards, as shown in FIG. 16, the volume of
chamber 416 is increased. The  actuators in. the upper
pressure chamber may be operated in phase opposition
to the  lower actuators to increase the pressure
difference across the solid slug. In a further
embodiment, a single pressure actuator that can both
increase and  5 decrease pressure is used. The
decrease in pressure is used to pull the solid slug in
one direction and push it in the 'other. 



While the invention has been described in conjunction
with specific  embodiments, it is evident that many
alternatives, modifications, permutations and
variations will become apparent to those of ordinary
skill in the art in light of the 10 .. foregoing
description. Accordingly, it is intended that the
present invention embrace  all such alternatives,
modifications and variations as fall within the scope
of the  appended claims. What is claimed is: WO
2004/095085 PCT/US2004/002520  21 1. An optical relay
comprising: a first input optical waveguide (202); a
first output optical waveguide (204), optically
aligned with the first input optical  5 waveguide
(202) to form a first direct optical path; a second
output optical waveguide (206) intersecting the first
input optical  waveguide (202); 10 a transparent
mirror housing (210), located at the intersection of
the first input  optical waveguide and the second
output optical waveguide; a solid slug (302) adapted
to move within a switching channel (404) passing
through the transparent mirror housing (210), the
solid slug having a wettable  15 surface; a liquid
metal volume (304) in wetted contact with the wettable
surface of the  solid slug (302) and forming a
reflective surface; 20 a first pressure actuator (702)
operable to move the solid slug (302) within the  



switching channel (404) so that it blocks the first
direct optical path and  completes a first reflected
optical path from the first input optical waveguide to
the second output optical waveguide; and 25 a second
pressure actuator operable to move the solid slug
(302) within the  switching channel (404) to remove it
from the first direct optical path. WO 2004/095085
PCT/US2004/002520  22 2. An optical relay in
accordance with claim 1, further comprising a metal
coating (306)  applied to a portion of the. interior
of the transparent mirror housing (210), the metal
coating (306) being wettable by liquid metal and
tending to cause the liquid metal (304)  to form a
reflective surface. 5 3. An optical relay in
accordance with claim 1, further comprising: a first
wettable metal contact (406) located in the switching
channel (404) above  the first direct and first
reflected optical paths; 10 a second wettable metal
contact (406) located in : the switching channel (404)
below the first direct and first reflected optical
paths; and a third wettable metal contact (406)
located in the switching channel (404) below  15 the
second wettable metal contact. 4. An optical relay in
accordance with claim 3, wherein the first direct
optical path  passes between the first and second
wettable metal contacts and further comprising: 20 a
second input optical waveguide (408); 



a third output optical waveguide (410), optically
aligned with the first input  optical waveguide to
form a second direct optical path passing between the
second and third wettable metal contacts; and 25 a
fourth output optical waveguide (124) intersecting the
second input optical  waveguide at the transparent
mirror housing to form a second reflected optical
path. WO 2004/095085 PCT/US2004/002520  23 5. An
optical relay in accordance with claim 1, wherein the
first pressure actuator  comprises: a first pressure
chamber (416) containing an actuation fluid; and 5 a
first duct (418) opening to the first pressure chamber
(416) and to a first end of  the switching channel
(404); and wherein the second pressure actuator
comprises: a second pressure chamber (412) containing
an actuation fluid; and  10 a second duct (414)
opening to the second pressure chamber (412) and to a
second  end of the switching channel (404). 6. An
optical relay in accordance with claim 5, wherein the
first pressure actuator further  15 comprises at least
one of: a heater resistor (702) located within the
first pressure chamber (416) and  operable to raise
the temperature of the actuation fluid in the first
pressure  



chamber; 20 a heater resistor (702) located within the
first pressure chamber (416) and  operable to
evaporate a phase-change liquid (804) in wetted
contact with the  heater resistor; 25 first and second
pairs of piezoelectric elements (702) partially
bounding the first  pressure chamber (416) and
operable to deform in a shearing mode to change the
volume of the first pressure chamber. WO 2004/095085
PCT/US2004/002520  24 at least one piezoelectric
element (702) attached to a flexible diaphragm (902)
partially bounding the first pressure chamber (416)
and operable to deform in a  bending mode and thereby
deflect the flexible diaphragm (902) and alter the
volume of the first pressure chamber (416); and 5 at
least one piezoelectric element (702) attached to a
flexible diaphragm. (902)  partially bounding the
first pressure chamber (416) and operable to deform in
an  extensional mode and thereby deflect the flexible
diaphragm (902) and alter the  volume of the first
pressure chamber (416). 10 7. An optical relay in
accordance with claim 1, further comprising at least
one additional  optical relay, the optical relay and
the at least one additional optical relay comprising:
a plurality of input optical paths (202);  



15 a plurality of first output optical path (204),
optically aligned with the plurality of  input optical
paths to form a plurality of direct optical paths; a
plurality of second output optical paths (206)
intersecting the plurality of input  20 optical paths
(202) at a plurality of intersections; and at each of
intersection of the plurality of intersections:  a
transparent mirror housing (210); 25 a solid slug
(302) moveably located within a channel (404) passing
through the transparent mirror housing, the solid slug
(302) having a  wettable surface; WO 2004/095085
PCT/US2004/002520  25 a liquid metal volume (304) in
wetted contact with the wettable surface of  the solid
slug (302) and operable to form a reflective surface;
a first pressure actuator operable to move the solid
slug (302) within the  5 channel (404) so that it
blocks a direct optical path of the plurality of
direct optical path and completes a reflected optical
path from an input  optical path of the plurality of
input optical path to a second output optical  path of
the plurality of second output optical paths; and 10 a
second pressure actuator operable to move the solid
slug (302) within the  channel (404) to remove the
solid slug (302) from a direct .optical path of  the
plurality of direct optical paths. 



8. A method for selecting between a direct optical
path and a reflected optical path in an  15 optical
relay having a solid slug (302) moveable within a
switching channel (404) in  response to the pressure
of an, actuation fluid, the method comprising:
coupling an input optical signal to an input optical
waveguide (202) of the optical  relay, the input
optical waveguide being optically aligned with a first
output  20 optical waveguide (204) to form the direct
optical path; if the direct optical path is to be
selected: energizing a first pressure actuator to move
the solid slug (302) out of the  direct optical path,
whereby the input optical waveguide (202) is optically
25 coupled to first output optical waveguide (204);
and if the reflected optical path is to be selected:
energizing a second pressure actuator to move the
solid slug (302) into the  direct optical path,
whereby the input optical signal is reflected from a
WO 2004/095085 PCT/US2004/002520  26 wetted surface of
the solid slug (302) into a second output optical
waveguide (206) to complete the reflected optical
path. 9. A method in accordance with claim 8, wherein
energizing a pressure actuator of the  5 first and
second pressure actuators comprises: changing the
pressure of the actuation fluid in a pressure chamber
(416) coupled  to the switching channel (404). 10 10.
A method in accordance with claim 9, wherein
energizing a pressure actuator of the  first and
second pressure actuators further comprises at least
one of: 



passing an -electrical current through a heater
resistor (702) in the pressure  chamber (416) to
increase the temperature of the actuation fluid; 15
passing an electrical current. through a heater
resistor (702) in the pressure  chamber (416) to
increase the temperature of a phase-change liquid
(804) in  wetted contact with the heater resistor
(702) to cause the phase-change liquid  (804) to
evaporate; 20 applying an electrical voltage across a.
piezoelectric element (702) partially  bounding the
pressure chamber (416) to cause it to deform in a
shearing mode and  thereby alter the volume of the
pressure chamber (416); 25 applying an electrical
voltage across a piezoelectric element (702) attached
to a  diaphragm (902) that partially bounds the
pressure chamber (416) to cause the  piezoelectric
element (702) to deform in a bending mode, thereby
deflecting the  diaphragm (902) and altering the
volume of the pressure chamber (416); and WO
2004/095085 PCT/US2004/002520  27 applying an
electrical voltage across a piezoelectric element
(702) attached to a  diaphragm (902) that partially
bounds the pressure chamber (416) to cause the.
piezoelectric element (702) to deform in an
extensional mode, thereby deflecting  the diaphragm
(902) and altering the volume of the pressure chamber
(416). 




