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US 6,575,138 B2

DIRECTLY ACTUATED INJECTION VALVE

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application is a continuation-in-part of U.S. patent
application Ser. No. 09/522,130 filed Mar. 9, 2000, entitled
"Directly Actuated Injection Valve", now U.S. Pat. No.
6,298,829 issued Oct. 9, 2001. The '130 application relates
to and claims priority benefits from U.S. Provisional Patent
Application Serial No. 60/159,791 filed Oct. 15, 1999,
entitled "Directly Actuated Injector". The '130 application
and the '791 application are each incorporated herein by
reference in their'entirety.

FIELD OF THE INVENTION

The present invention relates generally to high pressure
fuel injection valves or injectors for internal combustion
engines, and, more specifically, to an injection valve that is
directly controllable by a position actuating material (such

*as, for example, a piezoelectric or magnetostrictive material)
and which includes a passive hydraulic link.

BACKGROUND OF THE INVENTION

*Direct injection of a gaseous fuel into the combustion
chamber of an internal combustion engine is desirable for
several reasons.' For example, direct injection allows charge
stratification, eliminating throttling losses associated with
homogeneous charge engines. Additionally, with direct
injection late in the compression stroke, a high -compression
ratio can be maintained, maintaining efficiency. Further,
when the fuel that is directly' injected comprises natural gas,
propane, or hydrogen, the emissions of NO,, and particulate
matter (PM) are significantly reduced. The directly injected
gaseous fuel can be ignited with a glow plug, with a spark
plug, with pilot diesel fuel, or with any other energy 'source.
The gaseous fuel should be injected at high pressure to
overcome the combustion chamber pressure, which is.high
at the end of the compression stroke. Preferably, the injec-
tion pressure is high enough to promote good mixing
between the injected fuel and the combustion chamber air.

Direct injection at high pressures presents several chal-
lenges. The use of high-pressure fuels for direct injection
results in high fuel pressures. existing within the injection
valve or injector. 'As a result, when closed, the injection'
valve should typically be strongly seated to avoid leakage of
the fuel into the combustion chamber between injection
events. When. the valve is a needle valve, the valve is seated
when the sealing surfaces of the movable valve needle and
the valve seat are in fluid-tight contact with each other. The
valve seat is generally part of the valve housing or body. For
an outward opening valve, such as a poppet valve, the valve
is closed when a 'Valve member is retracted within the valve
body so that the sealing surfaces of the valve member are
pressed against the valve seat to'form a fluid-tight seal. A
fuel injection valve with an "outward" opening configura-
tion is defined herein as an.injection valve, for an internal
combustion engine which employs a valve member that is
movable in the direction of the engine combustion chamber
to.an open position and in the opposite direction to a closed
position. Terms used to describe' such a valve member
include, for example, pintle shaft, valve stern, and valve
shaft.* Outward opening injection'valves typically comprise
a circular valve head mounted transversely on the valve
member for axial motion towards and away from a mating
circular valve. seat associated with the valve body.

Moreover, compared to low-pressure systems, higher
forces are needed to open or close the injection *valve. For

2.
example, for a needle 'valve that employs an inwardly
opening valve needle, when the needle is in the open
position it may be subjected to high forces from the pres-
surized-'fuel. Conversely, with an outward opening -injection

5 'valve, a high amount of force is' required to keep the valve
closed against the high fuel pressure within the injection
valve body.

Additionally, there is only a small window of time during
which the fuel can 'be injected. For example, at 4500

10 revolutions per minute (RPM), at full load, all of the fuel is
preferably injected in less -than 2-3 milliseconds.

Nearly all known direct fuel injection systems in internal
combustion engines have been hydraulically actuated. These

15systems rely on a hydraulic fluid to provide the force that is
1needed to open an injection valve (or valves, when the

engine comprises a plurality of combustion chambers).
Accordingly, at typical engine operating speeds, hydrauli-
cally actuated injectors rely on rapid changes in the hydrau-

20lic fluid pressure to open and close the injection valve(s). An*
20injection valve is typically opened by increasing the hydrau-

lic fluid pressure and closed by reducing the hydraulic fluid
pressure, such that the opening force applied to the injection
valve is reduced, causing thevalve to close. However, in the

25context of a conventional gaseous injection valv e, hydraulic
25operation presents several drawbacks, including:

the need for additional hydraulic hardware such as a
hydraulic pump, valves, and a reservoir for the hydrau-
lic fluid;

30 the need for a seal to b e established between the variable
pressure hydraulic fluid and the 'high pressure gaseous
fu el;

increased bulkiness of the injection valve assembly
because of the additional hardware requirements; and

35 delayed response of the system caused by time delays
associated with the dynamic flow of the hydraulic fluid,
the actuation of the electro nic hydraulic valve hardware
and the movement of the needle that controls gas flow
from the injection valve.

40 Moreover, the degree of -controllability of 'the movement
of the' injection valve is low when the motive force 'is
provided by a pressurized fluid 'rather than by a directly
controllable source. In this respect, it is difficult to control
lift, resulting in limited lift control capabilities when using

45 hydraulically actuated injection valve with a double-spring
configuration. Therefore, it is desirable to avoid the use of
~hydraulics to operate,gaseous fuel injectors, particularly for
high-speed engines. "Lift" in the context of injection valves
is defined herein as the displacement of the valve needle or

50 member away from its closed/seated position to its open
position.

U.S. Pat. No. 5,779,149 describes an injector using a
piezoelectric actuator acting on a hydraulic control valve
through the' intermediate of a hydraulic amplifier, which

55 serves to amplify the movement of the actuator. The hydrau-
lic control valve allowsthe main injection valve to open and
close to meter the amount of fuel injected.

A problem with employing a piezoelectric or magneto-
strictive actuator to operate a control valve, which in turn

60 controls the flow of a hydraulic fluid to operate an injection~
valve, is that this arrangement requires the intermediate
action of a 'hydraulic fluid. Any ' delays caused by the
displacement of the- hydraulic fluid causes delays in the
actuation of the injector. Accordingly, there is a need for an

65 injector that 'is directly actuated by an actuator without an
intermediate active hydraulic operator generating any actu-
ating forces. -Another disadvantage of active hydraulically
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operated systems .is that aI hydraulic fluid needs to be
supplied and drained from a hydraulic cylinder. When diesel
fuel is the main fuel used by the engine, the diesel fuiel may
be used as the hydraulic fluid. However, when a gaseous fuel
is the engine's main fuel, a separate hydraulic fluid system
is needed to operate injectors that rely on hydraulic actua-
tion.

SUMMARY OF THE INVENTION

An injection valve injects fuel into a combustion chamber
of an internal combustion engine. The injection valve com-
prises:

()a valve housing comprising:
a fuel inlet port;*
an interior chamber fluidly connected to the fuel inlet

port; and
a valve seat for cooperating* with a' valve member to

seal the interior chamber from the combustion cham-
ber when the injection valve is closed;

(b) the valve member. having one end disposed within the
valve housing and an opposite end extendable from the
valve seat toward the combustion chamber, wherein the
valve member, comprises a sealing surface that fluidly
seals against the valve seat when the injection valve is
closed and that is liftable away from the valve seat
when the injection valve is open, wherein valve lift
equals the distance traveled by the sealing surface away
from the valve seat;

(c) a biasing mechanism associated with the valve
member, the biasing mechani sm applying a closing
force to the valve member when the valve member is in
the closed position;

(d) an actuator assembly' associated with th e valve
member, wherein the actuator assembly may be actu-
ated to apply an opening force to the valve member
stronger than the closing force, for moving the valve
member to the open position; and

(e) a hydraulic link assembly comprising, a passive
hydraulic link having a hydraulic fluid thickness
through which the opening and closing forces are
transmitted, whereby the hydraulic fluid acts substan-
tially as a solid with,.the thickness being substantially
constant while the actuator assembly is actuated and
wherein the thickness of the hydraulic link is adjustable
while the actuator assembly is not actuated in response
to* changes in the dimensional relationship between
components of the injection valve to maintain a desired
valve lift upon actuation of the actuator assembly.

In a pref erred embodiment, the thickness of the hydraulic
link is.auto-adjustable in response to changes in the dimen'
sional relationship caused by differential thermal expansion,
and/or wear to components of the .injection valve. The
hydraulic link assembly preferably'- comprises a fluidly
sealed hydraulic cylinder that is fluidly sealed from the
interior' chamber. The hydraulic link assembly comprises a
piston and hydraulic fluid disposed within the hydraulic
cylinder. The.hydraulic fluid is preferably a liquid such as,
for example motor oil or grease. The piston may be an
integral part of the valve member.

In a preferred injection valve the actuator assembly com-
prises-a'dimensionally responsive member. The dimension-
ally responsive member can be formed from a magnetostric-
tive material. The pre ferred magneto strictive material
comprises a metal alloy comprising terbium, dysprosium,
and iron. The preferred actuator assembly further comprises
an electric coil disposed in an annular space around the

4
dimensionally responsive member and a flux tube disposed
in an annular space around the electric coil. The actuator
assembly is preferably disposed within the interior chamber.
The dimensionally responsive member can also be formed

5 from a piezoelectric material. A preferred injection valve
further comprises a compression spring member for apply-
ing a compressive force to the dimensionally responsive
member.

In one embodiment, the'- fuel inlet ispositioned so that fuel
10 "enters the valve housing and passes through the actuator and

hydraulic link -assemblies, in the interior chamber. In this
embodiment, the flow of fuel over these assemblies helps to
remove heat generated by the activation of the actuator and
reduces the effect 'of differential temperatures within the

1injection valve. In another embodiment, the fuel inlet is
positioned near the valve tip so that the fuel flowing through
the injection valve does not come into contact 'with the
actuator assembly. This embodiment simplifies the construc-
tion of the actuator and hydraulic link assemblies since there

20 is no need to provide fluid 'passages for the fuel to flow to the
valve tip.

In a preferred injection Valve, the lift is controllable by
varying at least one of the electric current, the electric
voltage and the magnetic field imposed upon the dimen-

25 sionally responsive member. The, valve member is prefer-
ably controllable such that the valve member.. moves

*between thie open and closed positions in les.s than about 200
microseconds.

The injection valve preferably further comprises a biasing
30 mechanism for applying a compressive,force to the dimen-

sionally responsive member. The biasing mechanism pref-
*erably comprises a spring. The spring preferably comprises

at least one disc spring..
IIn a preferred injection valve, the fuel is gaseous and the

35 hydraulic fluid is a liquid. The preferred hydraulic fluid is a
liquid selected from the group consisting of motor oil and
grease.

The present injection valve is particularly suited for
injecting a gaseous fuel because the ability to modulate the.

40 movement of the valve member may be beneficially used to
slow down the closing a'ction of the valve member to reduce
impact upon closing. When a liquid fuel is injected, the
closing impact is dampene d by the displacement of the thin
liquid fuel l1'ayer, which is considerably denser than gaseous

45 fuels. When the fuel is a gaseous fuel, it can be injected into
the combustion chamber at a pressure greater than about
2000 psi (about. 13.8 MPa).

While the hiydraulic link in the present injection valve is
designed to compensate for changes,, in the dimensional

50 relationships between Valve components, including changes
caused. by differential thermal expansion, the demands
placed upon' the hydraulic link may be . reduced by the
selection of materials for the valve -components that have
similar thermal expansion coefficients. In. this regard, the

55 valve housing, 'valve member and actuator assembly are
preferably selected from materials having thermal expansion
coefficients sufficienily compatible such that changes in the
dimensional, relationship between the components caused by
changes in temperature are reduced.

60. A magnetostrictive material that is suitable'for use in the
present injection valve comprises a material known as.
ETREMA Terfenol-D@ magnetostrictive alloy that is avail-
able from Etrema Products Inc. ETREMA Terfenol-D@
magnetostrictive alloy is a metal alloy composed of terbium,

65 dysprosium and iron.
In a preferred embodiment, the valve member, actuated by

an actuator assembly that includes a dimensionally respon-
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sive member, is controllable to move between the closed and
open positions in less than about 200: microseconds.

To improve the range of valve lift for a given length of the
dimensionally responsive member, a compressive force may
be applied to the dimensionally responsive member. By*
pre-loading" the dimensionally responsive member,bnet dis-
placement may be increased per respective unit of applied
magnetic field (in the case' of a dimensionally responsive
member formed of magnetostrictive material) or applied
voltage (in the case of a dimensionally responsive memberA
formed of piezoelectric material). Accordingly, a biasing
mechanism may be employed for applying a compressive
force to pre-load the dimensionally responsive member. The
biasing member preferably comprises at least one spring,
most preferably at least one disc spring (also known as a
Belleville spring or Belleville "washer). 15

.The injection valve housing may comprise a plurality of
parts that are joined.with each other to provide a fluidly
se aled body. For example, the valve housing may, comprise
a hollow main housing with a removable valve cap that
allows access to the valve components disposed within the 20
main housing. The valve housing may further comprise a
separate valve tip' so that it is replaceable when worn. In
addition, the valve tip may be designed so that it is the only
portion of the valve body that is directly exposed to theinterior of the combustion chamber. In this case the valve tip 25
may be made from a material that will provide greater
durability when directly exposed to the conditions that might
be expected within a combustion chamber.-

A preferred fuel injection valve for injecting fuel into a
combustion,'chamber of an internal combustion engine com-
prises: *30

(a) a valve housing comprising:
a fuel inlet port;
an interior chamber fluidly connected to the fuel inlet

port; 
3

a valve seat provided on an end of the housing that
faces the combustion chamber;

(b) a valve member comprising a shaft portion having a
first end to which a circular head is transversely
mounted wherein the head.provides an annular sealing 40
surface that facesthe valve seat, and a second end of the
shaft is associated with a piston portion, the valve
member movable between a closed position at which
the s ealing surface contacts the valve seat to fluidly seal.
the interior chamber from the combustion chamber, and
an open position at which the sealingsurface is spaced

*apart, from the valve seat whereby the interior chamber
is fluidly connected with combustion chamber, wherein
valve lift equals distance traveled by the sealing surface
away from the valve seat; *O

(c) a biasing mechanism associated with the piston por-
tion of the valve member, the,biasing mechanism
applyinga closing force to the valve member when the
valve* member is in the closed position;

(d) an actuator assembly for applying an opening force to 55
the valve' member that' is stronger than the closing
force, for moving the valve member to the open
position, the actuator assembly comprising a member
having dimensional. responsiveness to the imposition of
at least one of an -electric current, an electric voltage 60
and. a magnetic field, the dimensionally responsive
member disposed between a fixed pole maintained in a
fixed po sition relative to the valve housing and a sliding
pole, the sliding pole being displaceable by expansion
of the dimensionally responsive* member; and 65

(e) a hydraulic link assembly comprising a fluidly sealed
hydraulic cylinder disposed about the piston portion of

the 6
th valve member, a hydraulic fluid disposed within the
hydraulic cylinder, wherein the opening and closing

*forces applied to the valve member are transmitted
through a thickness of the hydraulic fluid whereby the
hydraulic fluid acts as a hydraulic link and the thickness
is automatically adjustable in 'response to changes in
the dimensional- relationship between components of
the injection valve to maintain a desired valve lift upon

*actuation of the actuator assembly.
A method.of using a shaped waveform to control electric

current to actuate an injection valve for an internal combus-
tion engine, employs a dimensionally responsive actuator
assembly comprising at least one of a magnetostrictive and
a piezoelectric material, and a controller to govern valve lift
and duration according to values predetermined for engine.
load demands within the operating range of the engine by the
controller controlling current and voltage directed to the
actuator assembly. The method'comprises, for each injection
event:

(a) initiating an,-injection event by rapidly increasing,
ciirrent to a magnitude that is known to correspond to
a desired lift by applying high frequency voltage cycles
and in each cycle maintaining a net positive voltage;

(b) maintaining a current' to control the desired lift for a
.duration predetermined by the controller; and

(c) concluding an injection event by decreasing current.
until it is reduced to zero amps by applying high
frequency voltage cycles and in each cycle maintaining
a net negative voltage.

In a preferred shaped waveform method, the step of
initiating an injection event further comprises initially
increasing current to.a spike value higher than the value for.
the desired lift to, rapidly open the valve and then reducing
current to the value',to cause the desired lift. The spike value
is preferably up to about an order- of magnitude higher than
the value needed to cause the desired lift. The preferred.
method further comprises applying high frequency voltage
cycles between offsetting positive and negative -voltages to
generate a current of close to zero amps immediately prior
to an injection event. The time to open the valve from a
closed position to the desired lift is less than about 175
microseconds, more preferably less'than about 100 micro-
seconds. More typically, however, the time needed to move
the valve member between the closed position and the-
desired'open position may be as short:as about 250 micro-
seconds.

A method' of operating a fuel injection valve for an
internal combustion engine, in which the injection valve has
'a longitudinal axis, comprises:

(a) actuating a dimensionally responsive member com-
*prising at least one of a magnetostrictive material and

a piezoelectric material, the* dimensio nally responsive
member expanding in length in the direction of the
longitudinal axis upon. actuation of the actuator;

(b) transferring movement caused by'the actuated dimen-
sionally. responsive member through a passive hydrau-
lic link to cause a corresponding movement of a valve

*member to open-the valve by lifting the valve member
I away from a valve -seat and' compressing a biasing

mechanism that biases the valve in a closed position,
the passive hydraulic link comprising a hydraulic cyl-
inder which houses a piston and is filled with a hydrau-
lic fluid, wherein the hydraulic fluid forms a layer
between the piston and a cylinder head and because of
the short duration that the valve is open, the,hydrau lic
fluid does not have time to flow from one side of the
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piston to the other side and while the injection valve is
open, the layer of hydraulic fluid acts as an incom-
pressible solid so that movement'caused by the actua-
tion of the dimensionally responsive member is trans-
mitted through the fluid layer;

(c) deactuating the dimensionally responsive member to
contract the length of' the dimensionally responsive
member to unload the biasing mechanism and cause a
corresponding movement of the valve member to close
the valve;

(d) providing''sufficient time- between consecutive valve
openings -to allow at least some of the hydraulic'fluid
within the passive hydraulic link, to flow from one side
of the piston to the other side of the piston.

An advantage of the present injection valve is that it may
be employed for late-cycle, high-pressure direct injection of
fuels into internal combustion engines. For example, the

* present injection valve may be used to inject a gaseous fuel
into the combustion chamber of an internal combustion
engine at pressures of between about 2000 and 5000 psi
(about 13.8 and 34. 5 MPa). The present injection valve may
be employed to introduce liquid fuels into'internal combus-
tion engines at even higher pressures.

Still another advantage of the present injection, valve is
that it provides an injection valve that eliminates the need for
an active hydraulic operator and the associated high-
pressure hydraulic system for generating the actuation force
to actuate the injection valve. Conventional active hydraulic
operators are different from the hydraulic link of the present
invention, which may be'described as a passive hydraulic
link because the hydraulic fluid sealed within the hydraulic
link assembly merely transmits.the, actuating forces but is
not employed to generate an actuat ing force for actuating the

*'valve. Rather, the purpose of the hydraulic link is to provide
a load path for the opposing actuating forces that, originate
from at least one spring member and the actuator assembly.
A benefit of eliminati ng the need for a conventional active
hydraulic operator is the elimination of the associated active
hydraulic systems. Conventional active hydraulic actuators,
such as those th at employ rapidly increasing and decreasing
hydraulic fluid pressure to actuate an injection valve, are
connected to a source of high pressure hydraulic fluid and
have valves for controlling the flow of hydraulic fluid in and
out of the active hydraulic operator. Active hydraulic actua-
tors employ hydraulic fluid that is moved in and out of a
hydraulic cylinder and when the hydraulic cylinder is fluidly
connected to a source of high pressure hydraulic fluid, the
high pressure hydraulic fluid that flows into the hydraulic
cylinder generates the actuating force that is used to move
the valve member. The actuating force is removed when the
hydraulic cylinder,is disconnected from the source of high-
pressure hydraulic fluid and the hydraulic fluid is drained
from the hydraulic, cylinder. A disadvantage of active
hydraulic actuators of this type is that there is a lag time.
associated with moving the hydraulic fluid into and out of
the hydraulic cylinder.

A further advantage of the passive hydraulic link is that it
may be employed 'to correct for, differential thermal
expansion, wear and dimensional variability within permit-
ted manufacturing and assembly tolerances. The disclosed
passive' hydraulic link accomplishes 'this by auto-adjusting
itself in response to these effects by allowing movement of
hydraulic fluid between opposite sides of the hydraulic
piston. The actuator assembly thus re-zeroes itself to ensure
that the desired valve, member lift is maintained.

An advantage of employing a directly actuated injection
Yalve is that a shaped control pulse may be employed to

control the acceleration and deceleration of the valve mem-
ber as it moves between the open and closed positions. For
example, when a magnietostrictive actuator is employed, the
current applied to the electromagnetic coil can be controlled,

5 for example, to- reduce the current in a manner that will close.
the-valve gently. Similarly, when a piezoelectric actuator is
employed, the voltage applied to the piezoelectric stack can
be controlled, for example, to accelerate the 'Opening of the
valve by initially providing an over-voltage (that is, a

l0 voltage that is higher than the voltage that is needed to
provide the necessary displacement). Thus, control pulses
m ay be employed to control the expansion and contractio n
of magnetogtrictive or piezoelectric actuators to control the
movement of the valve me mber. An advantage of controlling

15 the deceleration of the valve member is that the impact of the
valve member on the valve seat upon closing can be reduced
to reduce the wear on the valve components, thereby
improving durability.

Yet another advantage of the present injection valve is that
20 the control pulse may be shaped to provide for partial lifting

of the valve member in a repeatable manner. The amount of
lift may be controlled by shaping the control pulse to control
the amount of electric current or voltage' directed to the
respective magnetostrictive or piezoelectric actuator assem-

25 bly.
*Still another advantage of the disclosed injection valve is

that the actual valve lift is very small (typically much less
than 0.1 millimeter), so that compared to valves de signed for
greater valve lift, to fully open or, close the valve, the valve

30 member velocity can be lower resulting in less impact and
wear.

These, and other advantages 'are provided by a. directly
actuated injector as described below.

,5 BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is' a cross-sectional view of a preferred embodi-
ment of a directly actuated fuel injection valve with a
passive hydraulic link assembly;':

40 FIG. 2 is an'enlarged view of a partial -cross-sectional
view'of the lower portion of a fuel injection valve shown in
the open position with an alternate location for the fuel inlet
port;

FIG. 2a is a partial cross-sectional view of an embodiment
45 of a nozzle tip for an injection valve;

FIG. 2b is a partial side elevation view of-an embodiment
of a nozzle tip for an injection valve;

*FIG. 3 is a cross-sectional. view of another preferred
embodiment of a directly actuated fuel injection valve with

50 a-different arrangement for the passive hydraulic link as.sem-
bly; and

FIG. 4,is a timing diagram for a preferred' method of
controlling electric current applied to the actuator assembly

55of a fuel injection valve.
In the figures, like reference numerals are used to identify

like components in different -embodiments.

DETAILED DESCRIPTION OF PREFERRED
60 EMBODIMENT(S)
FIGS. 1 and 3 show two different preferred embodiments

of an outward opening directly actuated fuel injection valve
for internal combustion engines. -Opposed to a needle valve,
which employs a needle that is retracted into the valve body

65 to open the valve, an outward opening injection valve
extends a valve member outward and away from the valve
body. to open the valve. To open an outward opening fuel.
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injection valve for injecting fuel into an engine, a valve
member is moved away from a valve seat and towards'the
combustion chamber.

Referring to FIGS. 1 and 2, injection valve 100 includes
elongated valve housing 102 that cooperates with valve cap
104 to provide a fluidly sealed valve body. Seal 106 may be
employed, to 'ensure that the, assembled valve body is fluid-
tight. Valve cap 104 comprises inlet port' 108 through which
fuel enters the valve body. Valve housing 102 further com-
prises valve seat 112, which is better shown in FIG. 2, which
shows an injection valve in the.open position.

The figures are schematic representations of preferred
embodiments of fuiel injection valves for internal combus-
tion engines. However, those skilled in the technology
involved here will recognize that the figures are not con-
struction drawings and are not drawn to scale. For example,
valve housing 102 is shown as a single element, but for
manufacturing purposes, valve housing 102 may be con-
structed from several pieces. In the figures, the sizes of some
components have also been exaggerated to better illustrate
certain elements of the apparatus.

The enlarged view of FIG. 2 also shows how valve- seat
112 is angled to form a cone-shaped surface and cooperates
with the angled sealing surface of valve member 114 to
provide a fluid tight seal when the two surfaces are pressed
into contact. In' addition to providing a desirable sealing
arrangement, valve seat 112 and the sealing surface of valve
mem ber 114 are angled to guide the direction in which the
fuel is injected into the combustion chamber. An advantage
of this arrangement is that it allows an unbroken conical
sheet of fuel to be injected which provides a continuous
surface for' the combustion flame. Another advantage of an
outward opening injection valve is that when the valve is
closed, there is less concern about combustion products
fouling or clogging the injection valve because unlike a
needle valve there are no exposed nozzle'holes.

Valve housing 102, may further comprise features for
influencing how the fuel is introduced into the combustion
chamber. For example, FIG. 2a shows an embodiment of
valve housing 102 that comprises nozzle tip 202 below
where valve member 114 seats against valve seat 112.
Nozzle tip 202 provides a chamber that is connected to the
combustion chamber by nozzle ports or orifices 203. In this
embodiment the chamber and orifices 203 may be advanta-
geously sized to slow down the fuel injection velocity to'
improve ignitability.

In yet another embodiment, valve housing 102 may
further comprise an injection tip that has projections 205 as
shown in FIG. 2b, which serve to provide breaks in the
conical sheet of fuel that is injected when the injection valve
is opened. Persons skilled in the technology involved here
will recognize that the present invention can be combined
with other valve tip configurations. The preferred valve tip
configuration may depend upon other features of the engine
such as, for example, the shape of the piston bowl and the
size and operating conditions of the engine.
Valve Member

.With reference to FIG. 1, valve member 114 is dispos ed'
within the interior of valve housing 102 and extends through
an opening in the tip of valve hous ing 102.-The sealing
surface of valve member 114 contacts valve seat 112 to close
injection valve 100 by preventing fuel from passing beyond
Valve seat 112 and into the combustion chamber. In the
embodiment of FIG. 1, valve member,'114 comprises valve
stem ft4a, which moves into the open position by moving
outward away from the valve body to lift away from valve

seat 112. Since the valve lift is generally small (for example,
about 65 mic rometers), the diameter of valve stem 114a and
the size of the annular opening around valve stem 114a are
selected to ensure sufficient flow capacity through the injec-

5 tion valve since flow area (A) is proportional to valve stem
diameter. Hence, a small lift can be compensated for by a
larger -diameter. In the preferred embodiment illustrated by
FIG. 1 valve member 114 further comprises an integral
piston 114b. In another embodiment (not shown) a separate

l0 piston member may cooperate with valve member 114 to
provide the same effect.
.Spring Assembly

A spring assembly biases valve member 114 in the closed
position. In a preferred arrangement, the spring -assembly

15 comprises at least one valve spring 116 for providing a
closing force to valve member 114. With reference to the
embodiment of. FIG. 1, valve spring. 116 is shown as a disc
or washer spring. A different type of spring such as a coil1
spring could be used instead,. Pre-load plate 120 is used to

20 apply a pre-load to valve spring 116 so that valve 100 is
biased in the closed position. Valve spring 116 should
provide a closing force to counter the opposing opening
forces generated by the high pressure of the fuel di rected to
the interi or of the sealed valve body. In the arrangement

25 shown in FIG. 1, respective threaded surfaces join 'Pre-load
plate 120 to valve housing 102. As is known in the art, after
pre-load plate 120 has been rotated to compress valve spring
116 to provide the desired pre-load force to valvec spring 116,
pre-load plate 120 may be held in position by means of a

30 locking nut (not shown).
Actuator Assembly

An actuator assembly may be actuated to provide an
opening force that is opposite and greater than the closing
force provided by the spring assembly. In the embodiment

35 illustrated in FIG. 1, the. actuator assembly com prises a
member that expands or contracts in the' direction of the
longitudinal axis of valve housing 102 when the member is
exposed to a magnetic field or subjected to an electric
voltage, such as, for example, a magnetostrictive material or

40 a piezoelectric stack, respectively.
In the embodiment illustrated by FIG. 1, the actuator

assembly is a magnetostrictive actuator that comprises a
solid magnetostrictive member 130, with bobbin 131, elec-
tric coil 132, and flux tube 134 disposed in the annular space

45 between magnetostrictive member 130 and valve housing
102. As shown in FIG. 1, coil 132 is wound around bobbin
131 and flux tube 134 surrounds bobbin 131 and electric coil
132. Flux tube 134 may be made from common carbon 'steel
with a lengthwise slit to break eddy currents. An electric

50 current is supplied to electric coil 132 through electric leads
(not shown). When an electric current is applied to electric
coil,.132 a magnetic flux.deve"lops that flows through mag-
netostrictive member 130, fixed pole 138, sliding pole 140,
and flux tube 134. Poles 138 and 140 are made from a

55 suitable material such as carbon steel (for example CS1018)
~or steel that has a low magnetic hysteresis. Fixed pole 138
is held in a "fixed" position between pre-load plate 120 and
end faces of magnetostrictive member 130, bobbin 131 and
flux tube,' 134. Accordingly, when the actuator assembly is

60 actuated and magnetostrictive member 130 grows in length,
sliding pole 140 is pushed towards valve member 114 to
providing a force for opening injection valve 100.

In another preferred embodiment (not illustrated), flux
tube 134 may be integrated with valve housing 102. That is,

65 valve housing 102 could be constructed from a magnetically
permeable material, that is suitable both structur[ally and for
acting as' a flux path. For example, many steels are suitable
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as materials for housing 102. Stainless steels may be
employed but more preferably, common carbon steels are
better suited because of material hardness properties and
durability. Similarly, fixed pole 138 could also' be integrated
with pre-load plate 120. Those skilled in the technology
involved here will understand that such components can be
advantageously integrated without departing from the spirit
and scope of the present invention. An advantage of
integration, for example; is the efficiencies and reduced costs
of manufacturing devices comprising less parts.

An advantage of the preferred embodiments is that mag-
netostrictive member 130 can be made froin a solid cylin-
drical rod of magnetostrictive material, which' is easier and
less expensive to manufacture compared to hollow tubular
forms.

A pre-compression force is preferably applied to magne-
tostrictive member 130 to amplify the magnitude of expan-
sion when a magnetic field is applied. Pre-compression of
magnetost rictive member 130 increases the net displace-
ment per unit of applied magnetic field. ''Similarly, when a
piezoelectric member is substituted for magnetostrictive
member 130, pre-compression increases the net displace-
ment of the piezoelectric member per unit of applied electric
voltage. A spring, such as, for example, disc spring 150 may
be employed to provide the, pre-compression force. Alter-
native compression elements may be employed in place of
disc spring 150 to provide the pre-compression force, such
as, for example, a coil spring or another type of spring with
the same spring force. When a pre-compression force of, for.
example, about 1000 psi (about 6.9 MPa) is -employed, the~
actuator's displacement can increase to about 0.13% of the:
total length of magnetostrictive member 130. However, the
amount of displacement- may decline as a function of
increasing temperature. For example,*.at typical reciprocat-
ing engine cylinder head temperatures the actual displace-
ment may be about 0.065% of the length of.pre-compressed
magnetostrictive member 130.

The dimensions of magnetostrictive memrber 130 are
dictated by the requirements of injection valve 100. For
example, if injection valve 100 is designed to provide a lift
of at least about 65 um, magnetostrictive member 130 is
sized to have a length of at least about 100 mm.'Additionally,
the transverse cross-sectional area of cylindrical magneto-
strictive member 130 is selected to provide s ufficient force
to overcome all of the.opposing forces that hold injection
valve 100 in the closed position. If the cross-sectional area
of cylindrical magnetostrictive memb6r 130 is not sufficient,
the opposing forces can reduce or* prevent longitudinal
displacement of magnetostrictive member 130, even when
electric coil 132 is fully energized. This mode is known as
the "blocked force" mode. Accordingly, the magnitude of
the closing forces acting on valve member 114 dictate the
minimum cross sectional area of magnetostrictive member
130.

While FIG. 1 shows magnetostrictive member 130, elec-
tric coil 132, and flux tube 134 could be replaced with a
piezoelectric stack (not shown). Electrical leads could be
employed to direct an electric voltage to the piezoelectric
stack. When an electric voltage is applied to a piezoelectric
stack, the stack 'expands and develops a motive force for
opening injection valve 100. Accordinigly, the configuration
of , the present injection valve is essentially the same for
magnetostrictive and piezoelectric actuators.
Hydraulic Link Assembly'

The opening force generated by the, actua'tor assembly is,
transmitted to valve member 114.through a hydraulic link
assembly. The hydraulic link assembly comprises.hydraulic

whih ' 12
cylinder 160,whc is disposed in close-fitting relationship
around hydraulic piston 114b, which is 'movable' in the
longitudinal direction within cylinder 160. As mentioned
above, in the embodiment of.FIG. 1, hydraulic piston 114b

5 is preferably an integral part of valve member 114 and the
sidewall of cylinder.160 helps to guide the movement of
valve member 114 in the longitudinal direction. A viscous
hydraulic fluid is sealed inside hydraulic cylinder 160 by
cylinder cap 162 and seals 166,' 168 and 169. Seals 168 and

10 169 permit valve member 114 to move relative to'.cylinder
160 and cylinder cap 162, respectively. Known'se'ials may be
employed, such as, for example elastomeric 0-ring seals,
packing, metal seals, or diaphragm/bellow seals..

The diametrical clearance gap between the outside diam-
15 eter of hydraulic piston' 114b and the inside diameter of

hydraulic cylinder 160 is extremely small (on the order of 20
to 250 microns). The desired size of the clearance gap is
dependent upon several factors such as the viscosity of the
chosen hydraulic fluid, the axial length of the piston, and the

20' thickness'of the hydraulic fluid above and below.'the piston.
The hydraulic flow in the clearance gap is-governed by the
Hagen-Poiseuille Flow and the hydraulic fluid and clearance
gap are preferably selected so that the flow of hydraulic fluid
through the gap is insignificant during the time span of fuel

25 injection events when an 'opening force is transmitted
through the hydraulic fluid. Furthermore, the hydraulic fluid
preferably has a sufficiently high viscosity and bulk modulus
so that it acts as an incompressible solid when actuation of
the actuator assembly causes a valve opening force to'be

30 quickly transmitted through the hydraulic fluid between the
bottom of cylinder 160 and hydraulic piston' 114b. For
consistency of operation, the hydraulic fluid is also prefer-
ably an extremely stable fluid that maintains its desired
properties over a wide range of temperatures (that is, within

35 the expected operating temperatures inside cylinder 160):
Suitable hydraulic fluids are, for example, conventional
motor oil, such as grade 15W40, or synthetic lubricants such
as DuPont® Krytox@ grease which is available in a range of
viscosities. KrytoxO is a perfluoropolyether (PFPE) syn-.

40 thetic lubricant that may- be mixed with a thickener to form
a grease. These types of hydraulic fluids also help to
lubricate seals 168 and 169. Different injection valves may
haye different sized hydraulic pistons and clearance gaps', so
the* hydraulic fluid may beselected with consideration to the

45 characteristics of an individual injection valve design.
When injection valve 100 is closed and at rest, the closing

force is transmitted through the hydraulic fluid held between
cylinder cap 162 and,.hydraulic piston 114b. Typically,
during engine' operation, injection valve 100 is closed most

50. of the time (normally over 90% of the time). Accordingly,
there is enough time between injection events for the
hydraulic fluid -to redistribute itself by flowing through the
clearance gap. so that hydraulic cylinder 160 moves relative
to piston 114b to automatically "re-zero" itself. The initial

55 zero-position is the position of hydraulic piston 114b within
hydraulic cylinder 160 after assembly of injection valve 100.
The initial zero position may not be the same for all injectors
due to slight variations in. the length of components within
manufacturing tolerances. Also, during operation, the zero-

60 position auto-adjusts in response to changes in the dimen-
sional relationship between components, caused by, for
example,. component wear or the effects of differential
thermal expansion.

Differential thermal expansion or contraction may be
65 caused by differences in thermal expansion coefficients or

uneven heat distribution between the components. Even
though the components' of injection valve 100, such as
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magnetostrictive member 130, valve member 114, and valve
housing 102, are designed to be reasonably matched to the
thermal expansion.rates of the other components, because
the valve lift and the displacement of the components that
causes such lift are so small, the effects of thermal expansion
or contraction should be taken into account to ensure the
desired valve lift is achieved. The effects of thermal expan-
sion and contraction may be amplified if the injection valve
is exposed to a wide range of temperatures. For injection
valves used in vehicles it would not be uncommon. to expect
a temperature range between -40* C. (in cold climates) and
+125* C. (when the engine is running). An uneven tempera-
ture distribution may be the ' result of. many factors,'
including, for example, the influence of (1) heat generated at
electric coil- 132;, (2) magnetic hysteresis in the -actuator
assembly; and (3) heat transfer from the cylinder head or the
combustion chamber via the injection valve tip and valve
member 114. If unaccounted for, the total effect of differ-
ential thermal expansion or contraction on the displacemen t
of valve member 114 may be greater than'the targeted lift.

In summary, the hydraulic link assembly -accounts for
variations in component dimensions arising from the per-
mitted tolerances in the manufacturing processes and the
injection valve assembly methods. Therefore, the hydraulic
link assembly reduces manufacturing c osts by allowing the
injection valve components to be manufactured to less
exacting tolerances. In addition, during operation, the
hydraulic link assembly auto-adjusts itself between injection
events to account for changes in the dimensional relation-
ship between injection valve components that may be
caused, for example, by component wear or differential
thermal expansion or contraction.

.FIG. 2 illustrates an injection valve embodiment that has
fuel inlet 208 located in the side of valve housing 102. An
advantage of this arrangement is that fluid pathways are not
required through the actuator and hydraulic link assemblies,
simplifying the construction of these components and reduc-
ing the cross-section area needed for the.upper valve assem-
bly. Seal 270, shown in FIG. 2, which may be, for example,
an o-ring or packing type seal, prevents *the high-pressure
fuel from entering the portion of the valve body that'houses
the hydraulic link and actuator assemblies. A guide (not
shown in FIG. 2), similar to guide 180 shown in FIG. 1 may
also be employed in theembodiment of FIG. 2 to help guide
the movement of valve member 114.

FIG. 3 illustrates'an injection valve embodiment that
employs a valve member 314 that has a T-shaped cross-
section. This embodiment operates in substantially the same
manner as the embodiment of FIG. 1. One advantage of the
embodiment of FIG. 3 is that seal 169 is eliminated. Another
advantage is that valve member 314, sliding pole 340, and
cylinder cap 362 are simpler shapes and thus easier to
manufacture and there are less tolerance fits since there is no
stem protruding from hydraulic piston 314b.

SUMMARY OF OPERATION

When injection valve 100 is at rest'in the closed position,
the closing force that biases valve memnber 114 against valve
seat 112 originates from valve spring 116 and disc spring
150. In the illustrated preferred embodiments, valve.spring
116 bears directly against hydraulic piston 114b to transmit
a. closing force directly to valve member 114. Disc spring
150. bears against hydraulic cylinder 160 and a pre-
compression force is transmitted to the,actuator assembly
through the sliding assembly comprised 'of hydraulic cylin-
der 160, cylinder cap 162 and,sliding pole 140. Disc spring
150, also applies a closing force to valve member 114 since

14.
it applies a force to hydraulic cylinder 160, which supports
valve spring 116. It is preferable for the closing force to be
provided by a mechanical spring member, such as the
illustrated coil spring, so that the failure mode for injection

5 valve 100 will be in the. closed position. That is, if the
actuating assembly is not energized or fails, injection valve
100 will remain in the closed position.

To initiate an injection event the actuator assembly is
energized by directing an electric current to electric coil 132.

10 A magnetic flux develops that flows through magnetostric '-
tive member 130, poles 138 and 140, and flux tube 134.
Under the influence of the magnetic field, magnetostric tive
member 130 expands in length (in the direction of the
magnetic field). Since fixed pole 138 is stationary, magne-

15tostrictive member 130 expands in the direction of hydraulic
cylinder 160. An opening force, originating from expanding
magnetostrictive member 130 is transmitted through sliding
pole 140, cylinder cap 162, hydraulic fluid 164b disposed
within the space between. cylinder cap* 162 and a planar

20 surface of hydraulic piston 114b, and finally, through piston
114b, which in the illustrated embodiments is integral with.
valve member 114.* The opening force is greater than the
closing- force, which. resul ts in the compression of valve
spring 116. The displacement of hydraulic cylinder 160 also~

25 results in some further compression of disc spring 150.
. As previously discussed, because valve actuation occurs
suddenly (on the order of 200,us), hydraulic fluid 164b does
not have time to flow through the narrow clearance gap
between piston 114b and hydraulic cylinder 160. Instead,

30 hydraulic. fluid 164b acts as a solid and transfers the move-
ment of magnetostrictive member 130 to valve member 114
via piston 114b, causing valve member 114 to lift away from
valve seat 112. Because injection valve 100 stays open for
such a brief period (typically less than 3 milliseconds), as

35 long as the viscosity of hydraulic fluid 164 is properly
selected and the clearance gap is suitably sized, the flow of
hydraulic fluid 164 through the clearance gap while injection
valve 100 is open is insignificant so that any displacement
caused by such flow is much less than'the total displacement

40 of valve member 114.
The movement of valve member 114 is guided near the

valve tip by guide 180. Guide 180 comprises longitudinal
grooves or longitudinal bores or slots (not shown) to allow
the fuel to- pass therethrough and into the valve tip. Valve

45 member 114 is also guided by the cooperating between the
side walls of hydraulic piston 114b and the internal walls of
hydraulic cylinder 160.

As shown in the embodiment of FIG. 1, fuel inlet 108 is
located in cap 104 and fuel flows through the hollow valve

5o body. In. the preferred application, the fuel is a gaseous fuel
so small gaps between valve components are sufficient to
allow the gaseous fuel to flow through the le ngth of the valve
body to the opposite end wherielthe fuel is introduced into the
engine combustion chamber through,the'tip of the injection

55 valve. Fuel flow through the valve interior can also be
facilitated by providing longitudinal grooves in the side
walls of valve components (not shown) and/or holes or slots
provided. through components (see for example holes 138a
through fixed pole 138). Causing the fuel to flow through the

60 interior of the injection valve helps to cool the valve
components and remove heat that may be generated in the
actuator assembly. When the fuel is used to cool the actuator
assembly in this manner, thermal modeling predicts that
during normal operation heat generated by the actuator

65 assembly will cause a temperature rise of less than 100 C.,
To close injection valve 100, at the end of the injection

event, electric coil 132 is deenergized, causing magneto-
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strictive member 130 to contract. When valve member 114 maintain the desired lift during the duration of the injection
is moving from the open position to the closed position, the event, the current is later lowered to 1,1 In this example,,

* closing force originates from -valve spring 116 and disc current 11 has a value corresponding to the current known to
spring 150. The closing force from valve spring 116 is again maintain the d esired lift.
transmitted to valve member 114 through hydraulic PiSton' 5 Waveform C shows that different amounts of valve lift can

* 114b.'In the open position, the expanded magnetostrictive be, achieved by 'changing -the magnitude of the current
member 130 compressed disc spring 150, so upon closing, maintained during the injection event. Waveform C main-
disc spring 150 de-compresses to push cylinder 160 towards tains the current at 13 to produce a lower lift to inject a
the actuator assembly to compress to magnetostrictive mem-. smaller amount -of fuel compared to the inje ction event of
ber 130. Disc spring, 150 also provides an additional closing lo waveform A. Waveform C also shows 'an injection event
force to valve member 114 by generating a closing force that* with a shorter duration compared to the injection event that
is transmitted from disc spring 150 through hydraulic cyl- would -be, produced by waveform A..
inder 160, valve spring 116 and hydraulic piston'114b. Dashed line D shows that the shape of the waveform. can

.nce valve member 114 contacts valve seat 112, injection be manipulated to influence the movement of the valve
valve 100'is closed. When injection valve 100 is closed, the 15 member. In this example the current is momentarily made
hydraulic link Assembly automatically self-adjustments so negative to 14 to accelerate the'valve closing and then Made
that the position of hydraulic cylinder 160 relative to momentarily positive again to 15 to slow down the valve
hydraulic piston 114b is corrected to account for the effects member to reduce impact and wear on the valve member and
of temperature, wear, and any small movements of valve . valve seat.,The current could also be kept positive (that is 14
member 114 relative to hydraulic cylinder, 160 that may have 20 equals zero) and current could be "nomentarily raised to 1.
occurred while valve member 114 was in the open position. to slow down the valve member before it contacts the valve
Auto -adjustments are accomplished by the -migration of seat. Dashed line E also shows that valve closing'impact and
hydraulic fluid from chamber 164b on one side of hydraulic wear to the valve seat and valve member can be reduced by
piston 114b to chamber 164a on the other side of hydraulic slowing the rate at which the current is reduced to zero.
piston 114b, while valve spring 116 and disc spring 150 25, Persons skilled in the technology involved here will,
ensure that the injection valve remains closed with valve recognizethat the time to open or 4close the injection valve
me mber 114 seated against valve seat 112.' may be decreased by increasing the slope of the 'control
Control Strategy waveform, or increased, -by decreasing the slope of the

Preferred waveforms representing the amount of electric waveform. In summary, the shape of the control waveform
current delivered to a valve actuator for controlling an 30 may be manipulated to produce th e desired effects on the
injection valve are plotted in MG. 4. The illustrated wave- speed of the valve member movement and its displacement
form shows that the control pulse may employ several with respect to the valve seat (to control lift).
features to control the movement of'a magnetostrictive or The time span for the waveforms of FIG. 4 may be in the
piezoelectric member respectively, range of 100 to 5000 microseconds, and typically between

* For example, for an actuator employing a magnetostric- 35 250 and 2000 microseconds for the majority of injection
tive member, an electric current is directed to an electric coil events.
that. is used to actuate. the magnetostrictive me mber. The The combination of the above described directly actuated.
strength of the magnetic field is directly proportional to the ' inection valve and control strategy provides several
amount of electric current that is directed to the electric coil. benefits, including:

* To promote fast opening, for a short time immediately prior 40 elimination of the hydraulic fluid supply system that is
to an injection event (for example 100 microseconds), a needed by conventional hydraulically actuated injec-.
current is preferably initiated by high frequency voltage tion valves. This simplifies inje .ction valve
cycles between substantially equivalent positive and nega-. construction, for example,,by eliminating th' need for
tive voltages. For example, these high voltage cycles may -be hydraulic fluid. supply and return passages and the
on the order of 100 kHz. 45 hydraulic fluid control valves that are employed by

-Wavefo rm, A illustrates a preferred pulse s hape for an conventional hydraulically actua ted injection valves.
injection,. event. An injection event is initiated when the automatic compensation' for differential thermal expan-
valve is opened by rapidly increasing.current to 11, which is sion within the injection valve, for. wear due to proTof a magnitude that is known to correspond to a desired lift,.ogdoeain n o ml ifrne asdb
When the valve is opening, the high frequency voltage. 50- iiaiosi aufcuigtoeacs
cycles continue between positive and negative voltages but'
a net positive voltage. Once the desired valve lift is attained, a paau htpristeueo oto taeyta
the current is maintained'at 11 to mintain the valve lift for can throttle fuel flow and reduce valve seat wear. The
a duration predetermined by a. controller. The controller is ab ility to control the lift displacement permits reduced
responsive to current engine load and demand. 55, in Jection at lower loads and reduced pre -mixed burn.-

The injection event is concluded by decreasing current ing. For example, using a magnetostrictive or piezo-
until it is reduced substanrtially to zero amps by applying electric actuator, the valve member movement can be,
high frequency voltage cycles* and in each cycle maintaining controlled between about.10% and 100%. For lower
the negative voltage for a longer time than the positive load conditions it is important to be able to reduce the

voltae. *60 * flow of fuel into the combustion chamber, since excess
As shown by the dashed lines in FIG. 4, the shape of the fuel may not be combusted, resulting in lower operat-

waveform may be controlled to achieve desired effects. For ing Pfficiency -and higher emissions.
example, dashed waveform B shows that upon initiating the improved manufacturability is made possible by the use
injection event, to further accelerate valve opening and. of axisymmetric cylindrical parts and few tight toler-
introduction of the fuel, the current may be initially 65 ances between the injection valve components.
increased to 12 which is much higher than' the magnitude valve operation is improved since the actuating assembly
needed to provide the desired lift. To conserve ene rgy and to permits'greater control of the valve member. For
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example, the injection valve may be used to inject'a
gaseous or- liquid fuel. When the fuel is gaseous,.there
is a greater need to slow down the valve member upon
closing because ther e is no liquid,fuel to dampen the
impact of the valve member on the valve seat.

By shaping the control pulse waveformn applied to the
actuator it is possible to slow down the closing of the
injection valve to reduce impact on the valve member'and
the valve seat.

While pakicular elemTents, embodiments and"applications
of the present invention have been shown and described, it
will be understood, of course, that the invention is not
limited thereto since modifications may be made by those
skilled. in the art without departing from the scope of the
present disclosure, particularly in light of the foregoing
teachings.

What is claimed is:
1. An injection valve for injecting fuel into a combustion

chamber of an internal combustion engine, said injection
valve comprising:

(a) a valve housing comprising:
a fuiel inlet,port;,
an interior chamber fluidly connected to..said fuel inlet

port; and
a valve seat for cooperating. with a valve member to

seal said interior chamber from said combustion
chamber when.said injection valve is closed;-

(b) said valve member having one end'disposed within
said valve'housing and an opposite end extendable
from said valve seat toward said combustion chamber,
wherein Said valve member -comprises a:sealing surface
that fluidly seals against said valve seat when said
injection valve is closed and that is liftable away*from
said valve seat when 'Said injection valve is open;

(c) a biasing mechanism associated with said valve
member, said biasing mechanism applying a closing
force to said valve member when said valve member is
in said closed position;.. II.

(d). an 'actuator assembly associated with: said valve
member, wherein said actuator assembly 'May be actu-
ated to apply an opening force to said valve member
stronger than said closing force, for moving said valve
,member to said open position; and

(e) a hydraulic link assembly comprising a passive
hydraulic link having a hydraulic fluid thickness
through which said opening and closing forces are
transmitted, whereby said hydraulic fluid acts substan-
tially as a solid with said thi ckness being substantially
constant while said actuator assembly is actuated and
wherein said thickness of said hydraulic link is adjust-
able while said actuator assembly is not actuated in
response to changes in the dimensional relations hip
between components of said injection valve to maintain
a desired valve lift upon actuation of said actuator'
assembly.

2. The injection valve of claim 1 wherein said thickness
of said hydraulic link is auto-adjustable while said actuator
assembly is not actuated in response to changes in said.
dimensional relationship caused by differential thermal
expansion.
. 3. The injection valve of claim 2 wherein said thickness
of said hydraulic link is auto-ddjustable while said actuator
assembly is not actuated in response -to changes in said
dimensional relationship caused by wear to components of
said injection valve.-

4. The injection valve of claim 1 wherein said hydrauli c
link assembly comprises a fluidly sealed hydraulic cylinder
that is fluidly sealed from said interior.chamber, said hydrau-
lic link -assembly comprising a piston,and said hydraulic
fluid is disposed within said hydraulic cylinder.

5. The injection valve of claim 4 wvherein said piston,is an
integral part of said valve member.

6. The injection valve of claim 1 w herein said actuator
assembly comprises a dimensionally responsive member..
5 7. The injection valve of claim 6 wherein said dimen-
sionally responsive member is formed from a -magnetostric--
tiv e material.

8. The injection valve of claim 7.wherein said magneto-
strictive material comprises a metal- alloy' comprising
terbium, dysprosium and iron.

10 9. The injection valve of claim 7-whereih'said actuator
assembly further comprises an electric coil disposed in an
annular space around said dimensionally responsive mem-
ber..

10. The injection valve'of claim 9 wherein,said actuator
Sassembly further comprises a flux tube.disposed around said
15electric coil.

11. .The injection valve of claim 10 wherein said a flux
tube is disposed in an annular space around said electric coil:

12. The injection 'valve of claim 10 wherein said actuator
assembly is disposed within said interior chamber.

20 13. The injection'valve.of claim 6 wherein said dimen-
sionally responsive member is formed from a piezoelectric
material.'

14. The injection valve of claim 6 further comprising a
compression spring member for applying a compressive

25force to said dimensionally responsive member.
25 15. The injection valve of claim 1 wherein said fuel inlet
port is positioned such that fuel enters* said valve housing
and passes through said actuator and hydraulic link assem-

*blies.
16. The injection valve of claim 1 wherein said fuel inlet

30 port is. positioned near the'valve tip such that fuel flowing
through said interior chamber does not contact said actuator
assemn:bly.-

17. The injection valve of claim 6 wherein said actuator
assembly is controllable to maintain said desired lift

35 between 10 and 100 percent of maximum lift.'
18. The.injection valve of'claim 17 wherein said lift is

controllable.by varying at least one of the electric current,
the electric Voltage and the magnetic field imposed upon
said dimensionally responsive member.

19. The injection* valve -of claim 6 wherein' said valve
40member is controllable such that said valve member moves

between said open and closed positions in. less than about-
200 microseconds.

20. The injection valve of claim 6 further comprising a
biasing mechanism for applying a compressive.force to said

45 dimensionally responsive member.
21. The injection valve of claim 1 wherein said biasing

mechanism comprises a spring.
22. The injection valve of claim 21 wherein said spring

comprises at- least one disc spring.
5o 23. The injection valve of claim 1 wherein said fuel is a

gaseous fuel.
24. The injection valve of claim 23 wherein said hydraulic,.

fluid is a liquid.
25. The injection valve of claim 24 wherein said hydraulic'

55fluid is 'a liquid selected from the group consisting of motor
oil and grease.

26. The injection valve of claim 1'wherein said fuel is
injected into said combustion chamber at a pressure greater
than about 2000 psi (about 13.8 Mpa).

60 27.:-The injection valve of claim 1 wherein said valve
0housing comprises a plurality of parts which are joined with
each other to provide a fluidly sealed body.

*28. The injection valve of claim 1 wherein said valve
housing, said valve member and said actuator assembly are
selected from materials having thermal expansion coeffi-

65 cients 'sufficiently compatible such that changes in the
dimensional relationship between said components caused
by changes'in temperature are reduced.
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29. An injection valve for injecting fuel into a combustion
chamber of an internal combustion engine, said injection
valve comprising:

(a) 'a valve housing comprising:
a fuiel inlet port;
an interior chamber fluidly connected to said fuel inlet

port;
a valve seat provided on an end of said housing that

faces said combustion chamber;
(b) a valve member comprising a shaft portion having a

first end to which a circular 'head is. transversely
mounted wherein said head'provides an annular sealing
surface that faces said valve seat;- and a second end of
said shaft is associated with a piston portion, said valve
member movable between a,'closed position at which
said sealing surface contacts said valve seat to fluidly
seal said 'interior chamber from said combustion
chamber; and'an open position at which said sealing
surface is spaced 'apart from said valve seat Whereby
said interior chamber is fluidly. connected with com-
bustion chamber;

(c) a biasing mechanism associated with said piston
portion of said valve member, said biasing mechanism
applying a closing force to said valve' member when
said valve member is in said closed position;

(d) an actuator assembly for applying an opening force to
said-'valve member that is stronger than said closing
force, for. moving said valve member to said open
position, said.actuator "'assembly comprising a member
having dimensional responsiveness to th e imposition of
at least one of an electric current, an electric voltage
and a magnetic field, said dimensionally 'responsive
member disposed between a fixed pole maintained in a
fixed position relative to 'said,.valve housing and a
sliding pole, said 'sliding pole being displaceable by
expansion of said dimensionally responsive member;
and

(e) a hydraulic link assembly comprising a fluidly sealed
hydraulic cylinder disposed about said piston portion of
said valve member, a, hydraulic, fluid d isposed within
said hydraulic cylinder,wherein said opening and clos-
ing forces applied to said valve member are transmitted
through a thickness of said hydraulic fluid whereby said
hydraulic fluid acts as. a hydraulic link and said thick-
ness is automatically adjustable in response* to changes
in the dimensional relationship between components of
'said injection valve to maintain a desired valve lift
upon actuation' of said actuator assembly.

30. The injection valve of,claim 29 wherein said dimen-
sionally responsive member is formed from a magnetostric-
tive material.

31. The injection valve of claim, 30 wherein said magne-
tostrictive material comprises a metal alloy comprising
terbium, dysprosium'i and iron.'

32. The.injection valve of claim'30 wherein said actuator
assembly -further comprises an electric coil disposed in an
annular space around said dimensionally responsive mem-
ber.

33. The injection valve of claim 32.wherein said actuator
assembly further comprises a fluxI tube disposed in an
annular space around said electric coil.

34. The injection. valve of claim 2 19 wherein said dimen-
sionally responsive member is formed from a piezoelectric
material.

35. The method of claim 29 further comprising applying'.
high frequency voltage cycles between offsetting positive
and negative voltages to generate a current of close to zero
amps immediately prior to an injection. event.

36. The method of claim 29 wherein the time to open said
valve from a closed position to said desired lift is less that
about 100 microseconds.

20
37. The injection valve of claim 29 further comprising a

compression spring member for applying a compressive
forceto said. dimensionally responsive member.

38. A method of using a shaped waveform to control
5 electric current to actuate an injection valve' for an internal

combustion engine that employs a dimensionally responsive
actuator assembly comprising at least one of a magneto-
strictive and a piezoelectric material, and a controller to
govern valve lift and duration according to values predeter-

10 mined for engine load demands within the operating range
of said engine by said controller controlling current and
voltage directed to said actuator assembly, said method
comprising for each injection event:

(a) initiating an injection event by rapidly increasing
15 current to a magnitude that is known to correspond to

a desired lift by applying high frequency voltage cycles
and in each cycle maintaining a net positive voltage;

(b) maintaining a current to control said desired lift for a

20 duration predetermined by said controller; and
20 (c) concluding an injection event by decreasing current

until it is reduced to zero amps by applying high
frequency voltage cycles and in each cycle maintaining
a net negative voltage.

25 39. The method of claim 38 whereby the step of initiating
an injection event further comprises initially increasing
current to a spike value higher than the value for the desired
lift to rapidly open said valve *and then reducing current to
the value to cause the desired lift.

30 40.The method of claim 39 wherein said spike value is up.
to about an order of magnitude higher than the value needed
to cause the desired lift.

41. A method- of operating' a fuel injection valve for an
internal combustion engine,,said injection valve having a
longitudinal axis, said method comprising: J

35 (a) actuating a dimensionally responsive member com-
prising at least one of a magnetostrictive material and
a piezoelectric material, said dimensionally responsive
member expanding in length in the direction of said
longitudinal axis upon actuation of said actuator;

40 (b) transferring movement caused by said actuated dimen-
sionally responsive member through a passive hydrau-

* lic link to cause a corresponding movement of a valve
member to open said valve by lifting said valve memT
her away from a valve seat and compre ssing a biasing

45 mechanism that biases said valve in a closed position,
* said passive hydraulic link comprising a hydraulic

cylinder which houses a piston and is. filled with a
hydraulic fluid, wherein said hydraulic fluid forms a
layer between said piston and a cylinder head and

50 because of the short duration that said valve is open,
said hydraulic fluid does not have time to flow from one
side of said piston to the other side and while said
injection valve is open, said layer of hydraulic fluid acts
as an incompressible solid so that movement caused by

55 th 'e actuation of said dimensionally responsive member
is transmitted through said fluid layer;

(c) deactuating said dimensionally responsive member to
contract the length of said dimensionally responsive
member to unload said biasing mechanism' and cause a

60 corresponding movement of said valve member to
close said valve;

(d) providing sufficient time between consecutive valve
openings to allow at least some of said hydraulic fluid
within said passive hydraulic link,to flow from one side

65 of said piston to the other side of said piston.

* * * * *
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ElJoint inventoror person showing a proprietary, interest on behalf of
inventor who refused to sign or cannot be reached

El The petition requi red /b Iy 37 CFR 1 .47 and the statement
required *by 37 CFR 1 .47-are enclosed. See Item 5D b elow
for fee.'

FX1 Not enclosed - the undersigned attorney or agent is authorized to file this
application on behalf of the applicant(s). An executed declaration -will.follow.

4. Addditional Papers Enclosed

l Preliminary Amendment

El Information Disclosure Statement, including copies of cited references

ElDeclaration of Biological Deposit

ElComputer readable copy of sequence listing containing nucleotide and/or amino
acid sequence

El Verified statement(s) claiming small entity status under 37 CFR 1 .9 and 1 .27

El Associate-Power of Attorney

El Verified translation of a non'-English patent application

El An assignment of the invention (copy of recorded assignment(s) from prior

application)

El Certified copy(jes) of application (s):

from which priority under 35 USC 119 is claimed Elis(are) attached.

Elwill follow.

El Other
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5. Filing Fee Calculation. (37-CFR 1.16)

A. M-x Utility Application

B.

C.

D.

El- Design Application($160.00/$ 320.00)

El Plant Application ($245.00/$49 ,0.00)

Other Fees,

Ol Recording Assignment [Fee - $40.00 per assignmenti

El Petition fee for filing by other than all the inventors
or person on behalf'of the inventor where inventor refused
to sign or,cannot be reached, [Fee- $130.001

El Other

Total Fees Enclosed $ 1148.00

6. Method of

El

Payment of 'Fees.

Enclosed.check in the amount of:

Charge Deposit Account No. 13-001-7 in the!amount of:
A copy of this Trans.mittal is enclosed.

ElI Not.enclosed

- 3-

CLAIMS AS FILED - INCLUDIN4G-PRELIMINARY AMENDMENTA(IF ANY)

SMALL ENTITY OTHER THAN A SMALL
ENTITY

NO. FILED NO.EXTRA RATE FEE RATE FEE

BASIC FEE, $ 355.00 $ 710.00

TOTAL' 41 -20 = 21 x 9= $ X 18 $ 378.00

INDEP. 4-3 = 1 X40= $ X 80= $ 80.00

0I First Presentation of Multiple Dependent Claim + 135= $ + 270= $ .00

Filing Fee: $ OR -$1148.00

Filing Fee:

Filing Fee:

1148.00
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7. Deposit Account and Refund Authorization

The Commissioner is hereby authorized to charge-any deficiency in the amount enclosed or
anV additional fees which may*be required during the,pendenty of this application under.
37.CFR 1.16-or 37 CFR 1 .17 or under other. applicable rules (except payment of issue
fees), to Deposit Account No. 1 3-00 17. A copy of this Transmittal is enclosed.

Please. ref und any overpayment to Deposit Account No. 13-001 7.

Please direct all future communications to.Robert W Fieseler.at the address below.

-McAndrews, Held &,Malloy, Ltd.
500 West Madison Street, 34th Floor

Chicago; Illinois 60661

Please direct all telephone calls to Robert W. Fieseler at (312) 775-8 123. Please direct all'
facsimile transmissions to Robert W. Fieseler at (312) 775-8100. Please direct all e-mail
transmissions to rfieseler@i-hmlaw.com.

- Respectfully submitted,*

By! _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Robert W. Fieseler
Registration No. 31,826

Date: May 23, 2001
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Attorney Docket No. 12541US03

DIRECTLY ACTUATED INJECTION VALVE

This applic tion is a continuation-in-part

ofU.S. Patent. pplication Serial No. 05/522,130

filed March 9, 2000, entitled "Directly Actuated

5 Injection,Vale" now U.S. Patent No. _____

issued. The '130 application relates

to and claim priority benefits from U.S.

LProvisional Patent Application Serial No.

60/159,791 filed October 2:5,,-1999, entitled

10 "DireCtly *ctuated Injector". The '136

applicati n and the '791 application are each

incorpor,ted herein by reference in their

15 'Field of the Invention

The present invention relates generally to

high pressure fuel injection valves or.injectors

for internal combustion engines., and, more,

specifically, to an inject-ion valve that,is

20 directly controllable by a position actuating

material (such as, for example, a piezoelectric

o'r magnetostrictive.material) and which includes

a passive hydrauilic link.
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Background.of the Invention

Direct injection.of a gaseous fuel into the',

combustion chamber of an internal combustion

engine is desirable for several reasons. .For'

5. 'xample, direct-injection allows charge

stra.tifi,6-ation, eliminat,ing..throttling losses

associated with homogeneous charge, engines.

Additionally, with direct injection late in.the

compression stroke, a' high-compression ratio can,

10 be maintained, maintaining efficiency. Further,

when the f uel that. is directly injected comprises

natural gas, propane, .or hydrogen, the emissions,

of NO,, and particulate matter (PM) are

significantly.reduced. The directly.injected

15 gaseous fuel can be ignited with a glow plug,

with a spark plug., with pilot,diesel fuel,,,or

with any other energy source. The gase.ous fuel

should be injected,at high pressure to overcome

the.combustion chamber pressure,-which is.high. at

20 the'end of the compress-ion stroke. Pref erably,

the injection pressure is,high enough to'pr.omote

good mixing between the injected fuel and. the

combustion chamber air. .

Direct injection at high pressures presents'

*25 several'challehges. The use of high-pressure

* fuels for direct injection results in high fuel

pressures existing within the injection valve or.

injector. As a'result, when closed, the
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injection valve should typically'be 'strongly

seated to avoid leakage of the fuel into,the

combustion chamber between injection.events.

When the valve is ahneedle valve, the valve is

51 seated when the sealing.surfaces of. the, movable,

valve needle and the.valve-seat are in fluid-

tight contact with each other. The,valve seat is.

generally part of,the valve housing-or body.. For

an outward opening valve, such'as a poppet valve,*

10 the valve is closed when a valve member is,

retracted withnth alve body so.that the,

sealing surfac'es of the'valve member-are pressed

against the valve seat to form'a fluid-tight

seal.- A fuel injedtion valve with an "Ioutward"

15 opening configuration is defined herein as an.

injection valve for an, internal combustion engine

which employs'.a valve member that i's movable' in

*,the direction of the engine combust'ion,chamber to

*an open position.and in the.opposite -direction.to

20 a closed position. Terms used to. describe-such a

valve member include, for examP'le, pintle shaft,

vlese,and valve shaft. outward opening

injection valves typically comprise'a circular

valve'head mounted transve'rsely on the valve

25- member, for axial motion towards and away from a

mating circular valve*seat associated with' the,

* * valve,body./
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Moreover, compared toblow-pressure systems,'

higher forces are needed to open or close the,

injection valve. For example,, for a needle valve.

that employs an inwardly opening valve needle,

5 when the needle is in the open,position it may,,be

subjected to high forces.from the pressurized

fuel. Conversely, with an outward opening

inj ection valve, a high amount of force is,.

requi .red to keep the valve closed against -the

10 high fuel pressure within the injection.valve

body.

Additionally, 'tHer'e is only a small'windbow

of time during which.-the fuel-can be irhjecte'd.:

For example, at 4,500 revolutions per minute

15 (RPM), at full load, all of the fuel is

preferably-.injec,tedin less than 2-3

milliseconds.

Nearly all known direct fuel"-injection

systems in inte'nal combustion engines,have been'

20 hydraulically,actuated. These 'systems rely on a

hydraulic fluid to provide the force that. is

needed to open an injection valve-(or valves,

when the engine comprises a plurality of,

combustion chambers) . Accordingly, at typical

25 engine (pperating speeds,*hydraulically actuated

injectors rely on rapid changes -in the hydraulic

fluid pressure to open and close the-injection

.valve (s). An inject ion valve is-typically opened,.
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by increasing the hydraulic fluid pressure and

closed,by'reducing the hydraulic fluid pressure,

such that the opening force.applied to the.

injecdtion valve is-reduced, causing the valve to

5 close., However, in-the contek t of a conventional.

gaseous inje,ction,valve, hydraulic operation

presents.several drawbacks,,'including:

* the need for additional hydraulic

Hardware such as a hydraulic pump,

10. valves, and a*reservoir for the

hydraulic fluid;

the need for a seal to be. established

between the variable pressure hydraulic

fluid and-the high pressure gaseous

15 Tfuel;

* increased bulkiness of the injection

valve assembly because of'the

additional hardware 'requirements; and.

* delayed response of the system caused..

20 by time delays associated with the

dynamic..flow of. the hydraulic fluid,

the actuation of the electronic

hydraulic valVe,hardware and the

movement of the needle that controls

25 gas.flow from the 'injection valve.

*Moreover, the degree of controllability of

the movement of.the injection valve is low whef

the motive force i-s',provided by a pressurized
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fluid.rather,than by a directly controllable

s ourc e. In this respect,-it is difficult to

control lift, resulting in limited lift contr~ol

capabilities when using'.hydraulicaLly actuated

5 injection valve*with a double-spring

configu'ration. Therefore, it 'is desirable'-to

avoid the use.of hydraulics-to operate gaseous

fuel injectors, particularly for high-speed

engines.. "Lift" in the context of injection

10 valves is defined herein as the displacement of

the valve needle or member*away from its

closed/seated position to its open position..

U.S. Patent No. 5,779,149 describes.an

injector using a piezoelectric.actuator a cting,,bn

15 .a hydraulic control valve through the

intermediate of a hydraulic amplifier, which

serves to amplify the movement Of the-actuator.

The hydraulic.control, valve--allows the main.

injection valve to open and close.to meter the

20 amount of fuel injected.

A problem with-employing a piezoelectric or

magnetostrict'ive actuator to operate a control

*valve, which in turn controls the flow of a

hydraulic,,fluid to operate an injection valve, is

25. that this arrangement requires the intermediate

action of a hydraulic fluid. Any delays caused

by the displacement of the'hydrauli.c fluid causes

delays in the actuation of the injector.
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Accordingly, thero,is a need for,.an injector -that

is,directly actuated by an actuator without an
intermediate active hydraulic operator generating

any actuating forces. Another disadvantage of

5 active hydraulically operated systems.'is that a

hydraulic fluid needs to be supplied and.drained

from a hydraulic cylinder. When diesel fuel is

the main'fuel-used by the engine, the..diesel fuel

may be used as the hydraulic fluid. However,

10 when a gaseous'fuel. is the engine's main fuel, -a

separate hydraulic fluid system is needed to

operate injectors that rely on 'hydraulic

actuation.

15 Summary of the.Invent.ion

An. injection valve injects fuel intoa

combustion chamber of.an internal combuistion

engine. The inj.ection valve comprises:

(a) a valve housing comprising:

20a fuel inlet port;

'an interior chamber fluidly

connected to the fuel inlet port; and

a valve seat,.for .cooperating 'with

a valve member to seal the interior'

25chamber from the combustion chamber

when the injection valve.,is closed;,

()the valve member having one. end~

disp'ose.d within the valve,housing and
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an opposite end extendable from the

valve seat toward the combustion

chamber, wherein'the valve member

comprises-a.sealing surface that-

5 fluidly seals aqainst.the valve seat

when the injection valve is closed and

that is liftable away from the,valve,

seat when-the injection valve is open,'

wherein valve lift.equals the distance

10 traveled by the sealing surface away

from the valve seat;

(c) a biasing mechanism associated with the

valve member, the biasing mechanism

applyn a closing force to the valve

15 member when 'the valve member .is in the-

closed position;

.(d) an actuator assembly associate~d with

the, valve member, wherein the actuator

assembly may be actuated to apply an

20. opening force to the valve member

stronger than the-closing. force,*.for

moving the valve member to the open

position; and

(e);..a hydraulic'link assembly-comprisinga

25passive hydraulic.link.having a

*hydraulic fluid thickness through which

the opening and closing forces are

transmitted, whereby the hydraulic
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fluid acts'substantially,asa solid

with the thickness being substantially

constant while -the actuator assembly is

actuated and wherein the thickness' of'

5 the hydraulic' link is'adjustable while

the actuator assembly is not actuated

in response to changes in the

dimensional relations-hip betweeni

components of the-, injection valve-to

10- maintain a desired-valve lift upon

-actuation of the actuator assembly.

In a.preferred embodiment, the thicknes-s-.of

the hydraulic link is auto-adjustable in response

* * to changes in-the dimensional* relationship caused'

1 5.- by-differential1 thermal expansio'n,*and/or wear to

components of'the injection.valve. The hydraulic'

link assembly preferably .comprises a fluidly

*sealed hydra.ulic' cylinder that-is fluidly sealed.

'from the-interior chamber. The--hydrau,lic link.

20 assembly- comprises a piston and hydraulic f luid

*disposed within the hydraulic cylinder.. The

hydraulic fluid is preferably.a.liquid such as,

for example motor oil,or, grease.. .The piston may

*be an integral part of-the valve member.,

25 In a*preferre-d injection valve the actuator

assembly comprises a-dimensionally responsive

member. 'The dimensionally responsive member can

*be formed froma.m agpetostrictiVe- material.- The*
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preferred magnetostrictive.material comprises a

metal alloy comprising -terbium, dysprosium and ,

.iron. The preferred.,actuator assembly-'further

comprises an electric coil disposed in an annular

5 space around the dimensionally responsive member

and a flux tube disposed,in an annular space

around.the electric coil.. The actuator assembly

is preferably disposed within the interior-

chamber. The.dimensionally responsive member can

10 also be formed from a piezoelectric material. A

preferred injection valve further comprises.a

compression spring member for applying, a

compressive force to the dimensionally.responsive

member.

15'. in one embodiment, the fuel inlet is

positioned so that fuel enters,the valve-housing

and passes. through the actuator and 'hydraulic

link assemblies in the interior chamber'. In this

embodiment, the flow of fuel over these

20 assemblies helps to remove heat generated by'the

activation.of the actuator and reduces the effect

of differential.temperatures' within the injection

valve. In another embodiment, the fuel inlet is

positioned near the valve tip so that the fuel

25. flowing through the injection valve does not come

into contact.,with the -actuator assembly'. Thi-s

embodiment simplifies the construction of the

actuator and hydraulic link assemblies since
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-tereis no need to-provide fluid passages for

the fue'l to 'flow to,'the 'Valve tip.-

In a preferred injection valve, the-lift is'

controllable by varying at least one of the

5 electric-current, the el-ectric voltage and the

* ' magnetic-field imposed,'upon.,the-dimensionally

responsive member. The valve member is

preferably controllabl.e'such that the valve

'mmbrmoves between the open.*and closed

10 positions in-less than about 200 micros.econds.

*.The injection valve preferably further

comprises a biasing-mechanism'for applying a

compressive force to the dimensionally responsive

member. The biasing mechanis prferably

15 comprises a spring. The spring preferably

comprises at least one di"sc spring.

In a,preferred injection valve,,*the-fuel is

gaseous and*the hydraulic fluid is a.liquid. The

preferred hydraulic fluid is a liquid selected

.. 20 from the group consisting of motor oil and

grease.

The present injection valve is particularly

suited for injecting-a gaseous.fuel because,the

ability to modulate the movement 'bf th'e valve

25 member may be' beneficially used to,slow,down' the.

closing.action of the valve member.to reduce

*impact upon closing. When a liquid fuel is

>'injected', the closing impactt'isdampened by'the.
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displacement of the thin liquid fuel layer, which

is considerably denser than gaseous fuels. When

the'fuel is a gaseous fuel, it -can be injected

into the combustion chamber at a pressure greater

5 than about 2000 psi (about 13.8 MPa).

while the hydraulic.link in the present

injection valve. is designed to compensate for

changes in the.dimensional relationships between

valve components,, including changes caused by

10 differential thermal expansion, the demands

pl-aced upon the hydraulic link may be reduced by

the selection of materials for the valve

components that have, similar thermal expansion'

~coefficients. In this regard, the* valve housing,.

15 Vlemmeanacutr assembly are preferably,.

selected from materials.having thermal expansion

coefficients sufficiently compatible such that

changes-in the dimensional relationship between

the components caused by changes in temperature

20 are reduced.

*A magnetostrictive material that is suitable.

for use in the present injection valve comprises

a material known as ETREMA Terfenol-DO

magn.etostrictive alloy that is available from

25 Etrema Products Inc. ETREMA Terfenol-D

magnetostrictive alloy is a metal alloy composed

of terbium,. dysprosium and,iron.
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In a preferred embodiment, the valve member,.

actuated by an actuator assembly that includes a

dimensionally responsive member, is.,controllable

to move between.the.closed and open positions in

5 less than about 200 microseconds.

To improve the range of valve-lift for'a.

given'length of the dimensionally responsive

member, a-compress.ive'force may be applied to the

dimensionally responsive member. By pre-loading

10 the dimensionally responsive member, net

displa.cement may be increased 'per respective unit

of applied magnetic field*.(n the 'Case of a

dimensionally responsive member formed of

magnetost,rictive material.) or applied.voltage.(in

15, the case of a dimensionally responsive member,

formed of piezoelectric material) . Accordingly,

abiasin' mechanism may be employed for applying

a compressive force to pre-load the dimensionally

responsive member. The biasing member. preferably

* 20 comprises at least one spring,. most preferably at

least one disc spring (also known as -a Belleville'

spring or Belleville washer).

*The injection valve housing may comprise a

plurality of parts that are' joined with each

* 25. other-to provide a fluidly sealed body.. For

example, the.valve housing may-comprise a hollow'

main housing with a removable-valve.cap that

allowslaccess to the valve components disposed.
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within the main housing'. The*valve.hous ing may'

further.comprise al separate valve tip so..jthat,it

is replaceable when worn. -In,addition, the valve

tip may be desi'gned so that it is-the-'only

5 portion of the valve body that is'directly

exposed to the interior of the combust ion
chambr.,Tn this case the valve tip bemd

from a material that will provide greater

durability when directly, exposed to the

10 conditions that might be expected within,a

combustion chamber.

A preferred fuel injection valve for

injecting fuel into a combustion chamber of an

internal combustion engine comprises:-

15 (a) a,valve housing comprising:

a fuel inlet port;'

an interior chamber fluidly

connected to,the fuel-inlet port;

a valve seat provided 'on,an end of

20 the housing that.faces the, combustion

chamber; 1

(b)' a valve member comprising a shaft

portion having a first end to which a

circular head -is transversely mounted

25 wherein the,_head provides an.annu,lar

sealing surface that faces the valve.'

seat, 'and a second-end of the shaft is

associated with a piston portion; the
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valve member movable between a closed

position-at which the,sealing surf ace

contacts the valve,seat to fluidly-se'a'l

the interior chamber from the

5 combustion chamber, and an open

position at'which the sealing surface

is Ppaced apart from the valve seat

whereby the interior chamber is fluidly

connected with combustion chamber,

1 0. wherein,valve lift equals distance

traveled by the sealing surface away

from the valve seat;

(c) a biasing mechanism associated with the.

piston portion-of the valve member, the

15 biasin mechanism applying a closing

force to the valve member when *the

valve member is in the closed position;

(d) an actuator assembly for applying.an

opening force to the valve member that

20 i s stronger than-the closing force, f or

moving the valve' member to* the open

position, the,lactuator assembly

comprising a member having dimensional

responsiveness to the imposition of,at

25 least one of'..an.electric current,'an

electric voltage and%a magnetic field,

the dimensionally.respons-ive-,member

disposed between a fixed-pole
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maintained in a fixed position.,relative

to the valve housing and a sliding

pole, the sliding,.pole being

displacea8le by.expansion of the,

5 dimensionally.-responsive member;,and

(e)a hydraulic link assembly comprising a

fluidly sealed hydraulic cylinder

disposed about the piston portion of

the valvelmember, a hydraulic,-fluid

10 disposed within the hydraulic cylinder,

wherein'the opening and closing forces,

applied to the valve member'Are.

transmitted-through a thickness of the

hydraulic. fluid,whereby.the hydraulic

15 - fluid act*s as a hydraulic link 'and the

thickness is automatically adjustable

in-response to changes in the

dimensional relationship between

components of the injection valve to

20 maintain a,desired valve lift upon

actuation of the-actuator assembly.

A method of. using a shaped waveform to

control,electri.c,current. to actuate an injection,

valve for an. internal combustion engine employs,a

25 dimensionally responsive actuator assembly

comprising at least one of a magnetostrictive and

a piezoelectric material,.and a controller to

govern valve lift 'and,.duration*according to
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values predetermined for engine load demands

within the operating range of the engine by the

controller controlling current.and voltage

directed-to the actuator.assembly. The'method

5 comprises, for each injection event:

(a), initiating an. injection event by

rapidlyicesn current to a

magnitude that is known to-correspond

to a desired lift by.applying high

1'0 frequency'voltage cycles and in each'

cycle maintaining a net positive

voltage;

(b) maintaining a current to control the

desired lift f6'r a- duration

15.predetermined by the controller; and

(c) concluding an injection event by

decreasing current until it is reduced,

to zero amps by applying highfrqec

voltage cycles and in each cycle

20 maintaining a net negative voltage.,

In a preferred shaped waveform.method, the

step of initiating an injection'event, further

.comprise,s.initially increasing current to a'spike

value higher than the value for the desired lift

25 to rapidly open the valve and then reducing,

current to the value to cause the desired lift,.

The spike.value is preferably up to about an

order of magnitude higher than the Value.needed
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to cause,the desired lift. The preferred method

further comprises applying high--frequency voltage

cycles between offsetting positive and negative

voltages to generate a,current of close to zero-

5 amps .i mmediately prior to an injedtion.,event.

The time to open the valve from a closed position

to the desired lift is less t han about 175,

microseconds, more'-preferably less'than about 100

mic.roseconds. More typically, however, the time

10 needed to.move the valve member between the

closed position and the desired open position may'

be as short as.about-250 microseconds.

A method of operating a fuel injection valve

for- an internal combustion engine.,,in which the

15 injectionvalve has.-a longitudinalaxis,_

comprises:.

(a) actuating a,dimensionally responsive

member comprising at least one of a

magnetostrictive material and a

20 piezoelectric material,.the

dimnsonalyresponsive member

expanding in length in the direction of.

the longitudinal. axis upon actuation.of

the actuator;

25 (b) t ransferring" movement caused by.the

actuated dimensionally-responsive

member through a-passive hydraulic link

to cause a corresponding movement,of a

:i =Z
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valve member to open-the valve*by

* ,lifting the valve member away from a

valve seat and compressing a-biasing

mechanis.m'that biases the valve mna

5 closed position,.the passive hydraulic

link comprising a hydraulic cylinder

which houses a piston and.-is filled

with a hydraulic fluid., wherein'the

hydraulic fluid forms a layer between

10 the piston.and a cylinder hedand'

because of the short duration that the

valve is open, the hydraulic fluid does.

not.have time to flow from one side of

the piston to the other side and while

-15 the injection valve, is -open, the layer.

of hydraulic fluid acts as an

incompressible, solid so, that movement

caused by the actuation of the'

dimensionally responsive member is

* 0transmitted through the fluid layer;

(c) deactuating,the dimensionally

responsive member to contract the

length of the dimensionally.responsive

*member to'unload the biasing mechanism

25- and cause a corresponding -movement of

the valve member to close- the valve;

(d) providing sufficient-time between,

consecutive valve openings to allow at

)
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least,some of the hydraulic fluid

within the passive hydraulic link. to

flow-from one side of the piston to the

other side of the piston.

5 An advantage o,f the present inJection valve

is that it may be'employed for late-cycle high-

pressure direct,injection of,fuels into,intern.al.

combustion-engines. For example, the present

injection valve may be used to inject a gaseous

10 fuel into the combustion chamber,of an internal

comlSUstion engine at',pressu'res of between about

2000 and 5000 psi (about 13.8 and 34..5 MPa). 'The

*present injection valve maybe employed to

introduce liquid,,fuels into internal combustion-

15 engines at even higher pressures."

Still another advantage.-of the present"'

injection valve is that it provides-an injection

valve that eliminates the need,for an active'

hydraulic operator and the associated high-

20 .pressure hydraulic -system for generating the,

actuation force to actuate. the injection valve.

Conventional active hydraulic operators are

diffferent from the 'hydraulic link of the present

invention, which may be described as -a passive

25 hydraulic link because the-hydraulic fluid sealed

within the hydraulic-link assembly merely

transmits'the actuating forces but is not

employed to generate an actuating force for
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actuating the valve. Rather, the pUrpo'se. of the

hydraulic link is to provide a load path for the

opposing actuating forces that'.originate frtom.' at,

least one spring member and-the actuator

5 assembly. A benefit of eliminating the need for-

a conventional active hydraulic operator is the

elimination of the associated activ'e-hydraulic,

syst .ems..' Conventional acti vePhydraulic

actuators, such as those that 'employ rapidly

10 increasing and-decreasing hydraulic fluid

pressure to actuate an-injection valve, are

connected.to a source of high-pressure hydraulic

fluid and have valves-for controlling th'e flow of

hydraulic fluid in and',out. of the active

15 hydraulic operator. Active hydraulic actuators

employ hydraulic fluid that.is moved in and out

of a hydraulic.cylinder and when the hydraulic

l'inder is'fluidl' concted to a source of high

pressure hydraulic fluid, the high pressure

20 hydraulic fluid tha.t flows into the'hydraulic:

cylinder generates the actuating force,that-is

*. used to move the valve member. The actuating

force is removed when the hydraulic cylinder'is

disconnected from the source.of high-pressure

25 hydraulic fluid and the hydraulic* fluid is.

..drained'from the-hydraulic cylinder. A.

disadvantage of active hydraulic actuators of

th,is type.is that there is.,-a lag time':associated-
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with moving the hydraulic fluid into and out of,

the, hydraulic cylinder.

A further advantage of the,passive hydraulic'

link is that it may be employed to corf.ect for

5 differential thermal expansion, wear and

dimensional variability within,permitted

manufactu.ring and assembly tolerances. The

disclosed passive hydraulic link accomplishes

this by auto-adjusting it self-in response to

10 these effects by allowing movement of.-hydraulic

fluid between.opposite sides.of the hydraulic

piston. The actuator assembly thus re-zeroes

itself to ensure that,the desired valve member

lift is'maintained.

15 An advantage of employing a directly-

actuated injection valve i that'a shaped control

pulse may be employed to control the acceleration

an deceleration of the valv ebra t oe

between the open and closed positions. For

20 example, when.a magnetostrictive actuator is

employed, the current applied to the

electromagnetic coil can be 'controlled, for

example, to reduce the current in a manner that

will close the valve gently. Similarly, when a

25 piezoelectric' actuator is employed,- the voltage

applied to the piezoelectr,ic stack can be

controlled, for example,, to accqelerate the

openingof the valve by initially providing an
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over-voltage (that is, a voltage'that is 'higher

than the voltage that is needed to provide the

necessary,displacement) . Thus, control pulses

May be employed to control.the expansion and

5 contraction of magnetostrictive or,piezoelec.tric

actuators to control the movement of the valve

member. An advantage of controlling the

deceleration of the-valve member is.that'the

impact.of-the valve member on the valve.s.eat upon

10 closing can be. reduc ed t o re duc e the wear on the

valve components, 'thereby-improving durability.

Yet another advantage of the present

injecti'on'valve is that the control pulse may be

shaped -t o provide for partial,-lifting of the

15 valve member in a repeatable manner. The'amount

of lift may. be controlled'by'shaping- the control

pulse.to control the amount of electric current,

or voltage-directed to the respective'

magnetostrictive or piezoelectri.c actuator

20 assembly*.

Still another advantage of' the disclosed

injection valve is that-the actual valve lift is.

*very small (typically much less than 90.1

millimeter), so that compared to valves.ldesigned

*25 for.greater valve lift, to fully open .or close

the valve, the valve member velocity can-be lower

resulting in less impact 'and wear.
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These and'other advantages are provided by a

*directly actuiated injector as -described below.,

Brief Description Of.the Drawin'gs

5. FIG. 1 is a cross-sectional- View of a

preferred-embodiment of a.directly actuated fuel

i njec tion. valve witha passive hydraulic link

assembly;

FIG. 2 is-an enlarged view of, a partial

10 cross-sec.tional view of the lower portion of a

fuel injection valve shown in the open'position

with An alternat'e.location for the fuel inlet

port;*

FIG. 2 a is a partial cross-sectional view-of

15 an' embodiment of 'a nozzl,e tip for an.injection

valve;

FIG. 2b is a partial side elevation view of

an embodiment of a nozzle tip for,an injection

valve;

20 FIG. 3 is a cross-sectio'nal view of another-

preferred embodiment of,,a directly actuated fuel

injection valve with a diff.erent arrangement for,

the passive hydraulic link;assembly; and

FIG. 4 is a timing diagram for a preferred

25 method of-controlling- electric current applied to

the actuator-assembly of, a fuel injection valve.
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In the figures, like reference nPumerals are,,

used to identify like components in different

embodiments.

5 Detailed Description of Preferred Embodiment_(s)

FIGs. 1 and 3 show two different'preferred

embodiments of an outward opening directly*

actuated fuel injection valve for internal i

combustion engines. Opposed to a needle valve,

10 which employs a needle that is, retracted into the

valve body to open the valve,,, an outward opening

injection valve ext nds a valve member outward

adaafrmthe valve body 'to open the va lve.,

To.open.an outward openi.ng fuel injection valve

15. for injecting fuel into an e ngine valembr

is moved away from a valve seat and towards the

Combustion chamber.

Referring to FIGs..-1 and*2, injection valve

100 includes elongated valve housing 102:*that

20 cooperates with valve cap 104 to provide a,

fluidly sealed valve body. Seal 106,may be

employed to ensure that the assembled valve body

is fluid-tight. Valve cap 104 .compri.ses inlet.

port 108 through which fuel enters the valve

2.5 body. Valve housing 102 further comprises valve

*seat 112, which 'is better shown in FIG. 2, which,

shows an injection valve in.-the lopen position.
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The figures are schematic represehtations of

preferred embodiments of fuel injection valves

for internal combustion engines'. However, those

skilled in the technology involved here will

5 recognize that the figures are 'not.construction

drawings,and are not drawn to,scale.- For.

ex,imple', valve housing 102 is shown as a single

element, but for manufacturing purposes, valve

housing 102-may be constructed from several

10 pieces. In the figures, the sizes of some

components have-also been-exaggerated.to better-

'illustrate certain elements of. the apparatus.

The enlarged view of' FIG. 2 also shows how

valve seat 112'-is angled to form a,cone-shaped

15 ' surface and cooperates 'with-the.angled sealing

surface 'of valve-'member 114 to provide'a fluid

tight seal when the two surfaces are pressed-into

contact. In addition to providing a desirable'

sealing arrangement, valve.seat-112 and-.the

2 0 sealing surface of valve member 114 are angled to.

guide the direction in which thefuli injected

into the combustion chamber.. An advantage.of

this arrangement is that it allows an unbroken

conical sheet of fuel to be injected which

25 provides, a continuous'surface for the.combUstion

flame. Another advantage of-an,ou'tward.opening

injection valve is that when.,-the valve.is closed,

there is less concern abouit-combustion products
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fouling or clogging the injection valve-because

unlike a needle valve there,are no exposed nozzle

holes.

Valve housing 102 may.further comprise

5 features for influencing,ho'w the fuel is

introduced into-the'combustion chamber..' For

example, FIG. .2a shows an.embodiment of valve,

housing 102 that comprises noz"zle tip-202 below

where valve member 114-seats against valve seat

10 112. Nozzle tip 202 provides 'a chambe.r that is

connected to the combustion chamber by nozzle

ports or orifices 203. 'In this embodiment the

chamber and orifices 203 may be.advantageously'

sized to slow down the fuel injection velocity to

15 improve ignitability.

In yet another.embodiment, valve:housing 102.

may further comprise an injection tip that has

projections 205 as shown in FIG. 2b, which serve

to provide breaks-in the. conical sheet of' fuel

20 that is injected when the injection valve is

opened.' Persons skilled in the technology

involved here will recognize that-the,present

invention can be combined.with other.valve tip

configurations.' The'-preferred valve tip

25 configuration may,4epend upon other'features of

the engine such as, for example, the shape of the

piston bowl and the size and operating',conditions

of the engine. .
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Valve Member

With reference to FIG. 1., valve member"114

is disposed within'the interior of valve housing

5 102 and.extends through an opening in the tip of

valve housing 102. The sealing surface of valve

member 114 contacts valve seat 112 to close

injection valve,-100.by preventing fuel,from

.passing beyond valve seat 112:and into the

10 combustion.chamber. In the-embodiment of FIG. 1,

valve.member*114 comprises valve stem 114a, which

moves into the open position by moving outward

away from the valve body to.'lift away from valve-

seat 112. Since the valve lift is generally.

.15 small (for example, abo.ut 65 micrometers) , the

diameter of valve.stem.114a and the size of the

annular opening around valv6.stem 114a are

selected to ensure sufficient'flow capacity

through the injection valve since flow area-(A)

20. is pr oportional.tovalve stem diameter. Hence, a

small lift can*be compensated for by a larger:

diameter. In the preferred embodiment

'illustrated.by FIG..1ivalve member 1.14 further

comprises an-in tegral pi ston 114b. In another

25 embodiment (not shown) a' separate piston member

may cooperate with.valve member 114 to provide

the same effect.
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spring Assembly

A spring'assembly.biases valve member 114 in

the-close'd.position., In a preferred arrangement,

the spring assembly,comprises at least*one valve

5 spring 118 for providing a closing,force to valve

member 114. -With reference to.the embodliment-of

FIG. 1,, valve spring 116 is shown as a disc -or

washer spring. -A different type of spring such

as a coil-spring could.be used instead. -Pre-load

10 plate 120 -is. used t.o apply a.pre-load to valve

spring 11,6 so that valve 100 is biased in the

closed position. Valve.spring 116 should'provide

a closing force to counter the oppoqsing opening

forces generated.,by the high pressure of the fuel

15 directed to the interior of the sealed valve

body. In' the arrangement shown in FIG. 1,

respective threaded surfaces Join pre-load plate

120 to valve housing 102. As is known in the

art, after pre-load plate 120 has been rotated to

20. compress. valve. spring 116 to provide. the' desired

pre-load force to valve spring',116, pre-load

plate 120 may be held in position by means :of a

locking-nut (.not shown).

25 Actuator Assenbly

An actuator assembly may be actuated to'

*provide: an opening force 'that,. is. opposite and

greater than the closing force provided by.the
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spring assembly. In'the.embodiment illustrated

inFI.1, the.actuator assembly comprises a

member that expands-or contracts in*the.-direction

of the.longitudinal axis 'of valve housing 102

5 when the-member is exposed to a magnetic field or

subjected to'an electric voltage, such as, for,

example, a'magnetostrictiv aeilo

piezoelectric stack, respectively.

In the embodiment illustrated by FIG.- 1, the

10 actuator assembly is a magnetostrict ive actuator

that comprises a solid magnetostrictive member.

130, with bobbin 131, 'electric~ coil 132,and flux

tube 134 disposed*in the annular space between

magnetostrictive member 130 and valve housing

15 102. As shown. in FIG. 1, coil 132 is wound

around bobbin 131 and flux tube..13-4 surrounds

bobbin 131 and electric coil-132. Flux tube 134

may be made from common carbon steel.with.a

lengthwise slit to break eddy currents. 'An

20 electric current is-supplied to electric-coil '132

through electric leads (not shown),. When an

electric-current is applied to electric coil 132

a magnetic.flux develops that.flows through

magnetostrictive member 130, fixed pole 138,

25 sliding pole 140, -and flux tube 134.. Poles 138.

and14 are made from a,suitable material such'as,

carbon steel (for example CS1018) or steel-that

has a low magnetic hysteresis. Fixed pole 138 is
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held in-a-11fixed!,' position.between,pre-load plate-

120 and end 'faces of magnetostrictive member 130,

bobbin 131 and flux tube 134:* Accordingly, when.

the actuator assembly is actuiated-and

5 magnetostrictive member 130 grows in 'length,

sliding pole 140 is pushed towards valve member.

114 to providing a force for opening injection.

valve 100.

In another preferred embodiment (not

10 illustrated) ,, flux tube 13-4 may be integrated-

with valve housing 102. That i's, av ousing

102 could be constructed from a -magnetically

permeable material that'is suitable,both

structurally- and for acting'.as a flux.path. For

15 example, many steels are suitable as materials

for housing 102. Stainless steels may be

employed but more preferably, common carbon

steels are better suited because of material

hardness properties and durability.Silay.

20 fixed pol 138 could also be integrated'with pre-

load plate 120. Those skilled in the technology

involved here will understand -that such

components can be',advantageously integrated

*without departing,from the spirit and-scope of

25 the present invention. An advantage of

integration, for example, is the efficiencies,and

reduced costs of manufacturing devices comprising.

less parts.
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An, advantage of the preferred\lembodiments is

that magnetostrictive member 130 can belmade from

a solid cylindrical rod of'magnetostri.ctive

material,-which is easie r and less expensive to

5 manufacture compared.to hollow-tubular forms.

~A pre-compression force is preferably

applied to magnetostrictive member 130 to amplify:

the magnitude 'of expansion when.a magnetic field.

is applied., Pre-compression of magnetostrictive

.10 membeir 130. increases the net' displacement per

unit of applied magnetic field. Similarly, when

a piezoelectric member is substituted for

*magnetostrictive member.130, pre-compression.

increases the*net displacement.of the-

15 piezoelectric member per unit of applied electric

*voltage.! A spring,,.such as, for example, disc

spring 150 may be employed to provide the.pre,-

compression force.. Alternative compression

elements may be employed in place of-disc spring

20 150 to provide the pre-compression'force, such.

as, for example, a coil spring or another type of

spring1with the same spring force,. When a pre--

compression force of, for example, about 1000 psi

(about 6.\9 MPa)is employed,.the'actuator's

25 displacement can increase' to about 0.13% of the*

total lengt h of magnetostrictive member 130.

However, the amount,ofldisplacementimnay decline

as a function of increasing temperature. For
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*example, at typical 'reciprocating engine cylinder

head temperatures the actual.displacement may be

about 0.065% of the length of-pre-compressed

m&gnetostrictive member 130.

5 -The dimensions of 'magnetostrictive member

130-are dictated by the requirements of injection

valve 100. For example, if injection valve 100

i,s designed to provide a lift of at least.about

65 tm, magnetostrictive member 130 is.sized to

10 have a length of at least about 100. mm.

Additionally, the transverse cross-sectional area

of cylindrical magnetostrictive- member 130 is

selected to provide sufficient force' to overcome

* all of the opposing,forces that hold injection

15 valve 100 in the closed position. If the,cross-

* sectional area.of cylindrical magnet'ostrictive

member 130 is not sufficient, the opposing,forces

can reduce or prevent longitudinal displacement

of magnetostrictive member 130, even when

20 electric coil* 132 is fully energized. -This mode

is known' as the "blocked'force"l mode.

Accordingly, .the magnitude of.the.closing-forces

acting on valve member.114 di'ctate the minimum.

cross sectional arealof magnetostrictive member

25 130.

*While,FIG. 1 shows magnetostrictive.member

130, electric.,coil 132, and flux-tube 134 could

be replaced with a piezoel,ectric stack (no't
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shown)'. Electrical leads could be-employed to

direct an electric voltage.to-the piezoelectric

stc.When an*electric voltage is applied to a

piezoelectric stack, the stack expands and

.5develops a motive force-for opening injection

valve 100. Accordingly, the configuration of the

present in3ection.valve is essentially the same.

for magnetostrictive and piezoelectric actuators.

10 .Hydraulic Link Assembly

The opening'force generated-by the actuator,

assembly is transmitted to valve member 114

through a hydraulic link assembly. The hydraulic

link assembly comprises"hydraulic cylinder 160,,

15. which is disposed in,close-fitting relationship

around hydraulic- piston' 114b, which is movable in

the.longitudinal direction within cylinder 160.

As mentioned above, ithe embodiment'of FIG. 1,

hydraulic piston 114b is preferably an integral

20 part of.valve member 114 and the sidewall of

cylinder 16.0.helps to,gquide.the movement of valve

member 114 in the.longitudinal direction.. A

viscous hydraulic fluid is sealed inside

hydraulic cylinder 160 by cylinder cap' 162 and'

25, seals 166, 168 and 169., Seals 168. and 169 permit

valve member 114 to move relative to cylinder

160 and.cylinder cap 162, respectively. Known

seals"may be.,employed,,such as, for example

r
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elastomeric 0-ring seal.s,-,packing, metal seals,

or diaphragm/bellow seals,.

The diametrical clearance g'ap between the

outside diameter,of hydraulic 'piston .114b and the'

5 inside diameter of hydraulic cylinder 160 is

extremely small (on the order of 20 to 250

microns). The.desired,size of the clearance gap
is dependent upon several factors such as the

viscosity of the chosen hydraulic fluid, the

.10 axial length of t he' piston, and the thickness of

r the hydraulic fluid,above and below the piston.

The hydraulic,flow in the clearance gap is

governed by the Hagen-Poiseuille Flow and the

hydraulic fluid and clearanc'e gap are preferably

15 selected so that the flow.of hydraulic fluid

through.the gap is insignificant during.the time

spn -ffuel injection events when an opening

force, is transmitted.through the hydraulic fluid.

Furthermore,, the hydraulic fluid'preferably has a

20 sufficiently high viscosity and bulk modulus so-'

that it acts as an incompressible solid when

actuat.ion,of the actuator assembly causes a valve

* opening force to be quickly transmitted through

* the.hydraulic fluid between'the bottom of

* 25 cylinder 160 and,hydraulic piston 114b. For

*consistency of operation, the hydraulic fluid is

also preferably an extremely stable fluid that

maintains its desired properties,over a wide

Petitioner Ex. 1002, p. 65
                   Robert Bosch et al v. Westport

                    IPR2023-00293



-36,-

range of temperatures (that is, within the

expected operating temperatures inside cylinder

160) . Suitable hydraulic fluids are, for..

example,.conventional motor'oil, such as grade

5. 15W40, or syntheti,c.lubricants such as DuPont®

Krytox@ grease which. is available in a,range of

Viscosities. KrytoxO is a perfluoropolyether

(PFPE) synthetic lubricant.that-may.be mixed with

a'.thickener to form a grease. These types of

10' hydraulic fluids also help to lubricate seals .168,

and 169. 'Different injection valves may have

different sized hydraulic pistons and clearance

gaps, so the hydraulic fluid may be selected with

/consideration to the characteristics of.an

15 individual injection valve design.

When injection valve 10'0 is closed and at

rest, the closing force is transmitted through

the hydraulic fluid held between cylinder ,cap 162

and hydraulic piston 114b. Typically, during

20 engine operation, injection valve 100 is closed

most of the time (normally over 90% of the time).

Accordingly, there is-enough-time between

injection events for the.hydraulic fluid to

redistribute-~itself by flowing through the

25,- clearance gap so that hydraulic cylinder 160

moves relative to piston 114b to automatically

.'re-zero" itself. The, initial zero-position is

the position of hydraulic piston 114b within
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hydraulic cylinder 160 after assembly of

injection valve 100..' The. init'ial zero. position

may not be.the same- for all injectors due-to

slight variations in' the"length of.components

5within.manufacturing tolerances.- Also, during

.operation, the zero-position auto'-adjusts in

response to'changes in the dimensional

relationship between components, caused-by, for

example, component wear or the effects of

10' differential thermal expansion.,

Differential thermal expansion or

contraction may be caused by differences in

thermal expansion coefficients or uneven heat

distribution-between the components. Even though

15 .the components of injection valve 100, such as

magnetostrictive member 130, valve member 114',

and-valve housing 102,_ are designed,to be.

reasonably matched to the.thermal expansion rates

of -the other componerits, because the valve lift'

20 and the displacement of the components that

causes:such lift,are so small, the effects of

thermal expansion or contraction'should be taken

into account to ensure the desired valve lift is

achieved. The- effects of thermal expansion and

25 contraction may be amplified if. the injection.,

valve is 'exposed to.a wide.'range of temperature's.

For inject'ion valves used in vehicles,.it would"

not be uncommon to expect a.temperature range

... .... ...
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betwe'en -40'C (in cold climates) and +125'C (wen

the engine is running) . An uneven temperature*

distribution may be the'result of many-factors,

including, for example, -the influence of (1) heat

5 generated at electric. coil 13.2; (2) magnetic

hysteresis in the-actuator assembly; and (3) heat

transfer. from the cylinder head or 'the combustion

chamber via the injection valve-tip and valve

member 114. If.unaccounted for, the total effect

10 of differential thermal expansion.or contraction

on the displacement of valve member 114 may.be

greater than the targeted lift'..

In summary, the hydraulic.link assembly
accounts,for var iat ions in compnnimnin

15 arising.from the permitted.tolerances in the

manufacturing processe-s and the injection valve

assembly methods.. ,Therefore, the hydraulic link

assembly reduces manufacturing.costs by allowing

the injection valve components to be manufactured

* 20 to less exacting-tolerances. In addition, during.

operation, the' hydraulic'link assembly auto-.

adjusts itself between injection events to

* . account for changes in*the dimensional

relationship between injection valve,.components

25 that may be caused, for example, by component

wear or differential thermal expansion-or

contract ion..
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embodiment that has fuel inlet 208"located.in the'

side of valve ,hoUsing102. An'advantage.of this.

arrangement.is that fluid-pathways are'no't..,

5 required through the actuator and hydraulic link,

assemblies, simplifying the construction of these

components and reducing the cross-section area,

needed for the upper valve assembly.. Seal 270,

§hown in FIG. 2, which,may-be, for example, an.-o-

10 ring or packing'type seal, prevents the high-

pressure fuel from entering the.portion of the

valve body that houses the hydraulic link and

actuator assemblies. A guide (not shown in FIG-..

2), similar to guide 180 shown in FIG. 1 may also'

15 be employed in the embodiment of FIG. 2 to help

guide the movement of valve,fmember 114.'.

FIG-. 3 illustrates an injection-valve

embodiment that employs a valVie member 314 that

..has a-T-shaped cross-section.. This embodiment

20 operates in substantially-the.same manner as. the

embodiment of FIG. 1., One.advantage.bf the

embodiment of FIG. 3) is that.seal 1.69 is

eliminated. Another.advantage is-that.valve

member.314, sliding pole 340, and cylinder cap

25. 362 are* simpler shapes and thus easier to

manufacture and there are less.tolerance fits

since,.there is no stem protruding. from hydraulic

piston.314b..
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Sunmary -of'Operation

When injection valve 100 is at rest in the

closed position, the closing force that,biases

5 'valve member 114 against valve seat. 112

originate's from-valve spring 116'and disc,spring

150*. ,In.the illustrated preferr.ed.-embodiments,.

valve spring 116 bears directly against hydraulic

piston 114b'to transmit a closing force directly

10 to valve member 114. Disc spring 150 bears,

against hydraulic cylinder 160 and a pre-

compression force is transmitted to th& actuator

assembly through.the.sliding assembly..comprised

of'hydraulic cylinder 160, cylinder cap 162 and

15'. sliding pole 140.* Disc spring 150 also applies a

closing. force to valve member 114.since it

applies a force' to.hydraulic cylinder 160, which

supports valve spring 116.. It is preferabl*e for

the.closing force to be provided'by a mechanical

*20 spring member,, such as. the-illustrated coil.

spring, so that the failure mode for injection,

valve 100 will be in the closed position. That

* is,'if the actuating assembly is not.energized or

fails, injection valve 100 will remain in the

25 closed._position..

To. initiate an injection event the actuator

assembly is energized.by.directing an electric

current to electric coil 132. A magnetic flux,
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develops.that flows through magnetostrictive

member 130, poles 138 and 140, and flux tube 134.

Under the influence of:the,magnet-ic-field,

magnetostrictive member 130 expands in length (in

5 *the direction of the,magnetic field) . Since

fixed pole 138 is stationary, magnetostrictive

member 130 expands in th6' direction of'hydraulic

cylinder 160. An opening force, originating from

*expanding magnetostrictive member 130 is'

10 transmitted through-sliding pole 140, cylinder

cap 162, hydraulic fluid 164b disposed within the

space between cylinderca12an.apnr

surf ace of'hydraulic piston 114b, and finally,

through piston-114b, which, in the illustrated

* 15 embodiments i's integral with valve member 114.

The openihg,force is greater than the* closing

force,,which results in the compression of. valve

*spring 116. The displacement of-hydraulic

cylinder'160 also.results in. some further

* 20 compression,of disc spring 15 0.

As previously discussed., because valve

actuation occurs-suddenly (on the* order of 200

j.s), hydraulic fluid 164b does not have time'to

flow ,through the narrow clearance gap between.

2.5 piston 114b and hydraulic cylinder 160. Instead,

hydraulic fluid,164b acts.as a solid and

transfers the movement of magnetostrictive member,

13*0 to valve member 114 via piston 114b,' causing,
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valve member 114 to lift away from valvelseat

112. Because .injection valve-100 stays open for

such a brief period-(typically less-than 3

mill,iseconds), as,long as the viscosity of

5.hydraulic,fluid 164 is properly selected and the'

clearance.gap is suitably sized, -the flow of

hydraulic. fluid 164 through the clearance gap

while injection valve 100,is open is

insignificant so that any displacement caused by

10 'Such flow is much less than the total

displacement of-valve member 114.

*The movement of valve member 114.is guided

near the valve tip by guide 180. Guide 180

comprises longitudinal.grooves or longitudinal

15 b~ores- or slots (not shown) to all.ow the fuel to

pass,therethrough and into the valve tip. Valve

member 114 is also guided by the cooperating.

between the side walls of-hydrauli'c piston .114b

and the internal walls of hydraulic cylinder 169.

20 As shown in the bmbodiment of FIG. 1, fuel

inlet 108 is located in cap 104'and fuel flows

through the hollow valve,body. In the preferred

application., the.fuel'is a.gaseous fuel so small

*gaps between valve components are suffici.ent to

2.5 allow the gaseous fuel to flow thrbough the length

of the valve body to the opposite end where -the

fuel-is-introduced into the engine combustion

chamber through the tip of'.the injection valve.
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Fuel flow through the valve interior can also be.

facilitated by providi'ng' longitudinal grooves in

the side'"walls of valve components (not'shown)

*and/or holes or-slots, provided through- component's.

* '5 (see for example holes 138a through fixed pole

138). Causing the fuel to flow through the

interior of the,injection valve helps to cool the

valve components and remove heat that-may be

generated in,the actuator assembly. When the

10 fuel. is used to cool the actuator assembly in

this manner, thermal. modelling predicts that

during.normal 'operation heat generated by the

actuator assembly,will cause a temperature rise

of less than.100C. ''

15 *-To close injection valve 100, at-the end of

'the injection event, electr_c coil 132 i e

energized, causing magneto'strictive member 130 to

contract. When valve member 114 is moving-from

the open position to the closed position, the

20 ' closing force originates from valve spring 116

and disc spring 150. 'The closing force from

valve spring 116 is again transmitted to valve

member 114 through hydraulic piston~ 114b. In the

open position,. the' expanded magnetostrictive.

25 member 130 compressed disc spring 150, so upon*

closing, disc spring 150.de-compresses'to push

cylinder 160 towards the actuato,r assembly to

compress to magnetostrictive member 130. Disc'
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spring 150 also provides an-additional closing

force to valve:member,114 by,generating a closing

force that,is transmitted from disc-spring 150

through hydraulic cylinder 160, valve spring 116

5 and hydraulic piston 114b.

Once valve member 114 contacts valve seat

112, injection valve 1"00'is closed. When

injection valve 100 is closed, the hydraulic link

assembly automatically self-adjustments so that

* 10 the position,of hydraulic.cylinder 160 relative

to hydraulic.piston 114b is corrected to account

' . for the effects of tempeaue er, and any,

small movements of valve member 114,relative to

hydraulic cylinder 160 that,may have occurred

15 while valve member 114 was in the.open-position..

* Auto-adjuistments are accomplished by the

migration of hydraulic fluid from chamber 164b on

one side of hydr'aulic piston 114b to chamber 164"a

on.the other, side'of hydraulic,piston 114b, while

20 valve-spring 116 and disc spring 150.ensure 'that

the injection valve'rema ins closed with valve2

member 114 seated against valve seat 112.

Control1 Strategy

25 Preferred waveforms-representing the amount.

of electric current delivered to a valve actuator.

for controlling an -injection valve are plotted in

FIG. 4. The illustrated waveform shows that the
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control the movement of a magnetostrictive-or

piezoelectric member respectively.

For example, for an.actuator employing'a

5 magnetostrictive member, an electri-c-current-is

*directed to an electric coil that is used. to

actua te the'magnetos8trictive'membe'r. The

..strength.,of the magnetic field is directly

proportional to the amount of electric current

10. that is directed to the electri.c, coil. To

promote fast opening, -for a short-time,

immediately pi7ior to an injection event. (for

example 100 microseconds), a current is

preferably initiated by high frequency' voltage

15 ccle beteensubtantially equivalent positive

and negative voltages. For example, the-se high'

voltage cycles miay be on th reolGkZ.

* Waveform A illustrates a preferred pulse

shape for an injection event. ,An injection event

20 is initiated when the valve is opened by rapidly

increasing current to I,, which 'is of a magnitude

that is known to correspond to.a desired lift.

When the valve is opening, the high frequency

voltage cycles continue,be'tween positive,'and

25 negative voltages.but a net posit,ive voltage.

-- * Once the- desired valve' lift is !attained, the.

current is maintained.at Il tolmaintain the valve

lif fo aduration predetermined by.a.

K
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controller. The controller is responsive to

current engine load and demand.

The injection event is concluded by

decreasing current until it is reduced

5- substantially to zero amps by applying high

frequency voltage cycles and in each cycle

maintaining the negative voltage for a longer.

J time,than the positive voltage.

As shown by. the dashed lines in FIG.,4,'the.

10 .shape-of the waveform may 'be controlled to

aheedesired~ effects. For example, dashed

waveform B showzs that upon inta1n h

injection event,. to further accelerate valve

opening and -introduction of the,fuel, the current

15r may be initially incre ased to 1I which' is much

highe'r than the magnitude needed to provide'the-

desired lift. To conserve energy and to maintain,

the desired-lift' during the duration of the

injection event, the current is later lowered-to

20 Il..'In this example, current I, has a value

corresponding :to the current known to maintain

the desired lift.*

Waveform C 'shows that different amounts, of

valve' lift can be achieved by changing.the

25 magnitude of the current maintained during the

injection,event. Waveform. C maintains he

current-at 13 to produce a lower lift''to inject a

smaller,amount of fuel compared to the injection
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event of waveform A.' Waveform C also shows an

injection,event with a shorter duration compared'

to:the.injection event that would-be produced by

waveform A.'

5 Dashed line D shows.*that''the shape of-the

waveform can be manipulated,to influence-the..

movement.o.f-the-valve member. In this example

the cutrent is momentarily made negative to 14 to

accelerate the valve.closing and then made

10 momentarily positive again to.15 to slow down the

valve member-to reduce impact and.wear on the

valve member and valve seat. The current-could.

also be,kept positive (that-is 14. equals zero) and

current couldbe momentarily-raised to 15 to SlOW

15 down.the.valve member-before it contacts the

valve seat.' Dashed line E also shows that valve

clo0sing.impact and wear to the valve seat and

valve member.can be reduced by.p.owing the rate

at which the current is reduced to zero.

20. .Persons skilled in'the.technology.involved

here will recognize that the time to open -or

close the injection valve may',be decreased by-

increasing the slope of the control waveform, or

increased, by decreasing the slope of'the

25 -waveform. In summary, the shape of the control.

waveform may-be 'manipulate.d'to produce the

desired.effects on the speed of the valve member

.7
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move.ment-aryd its displacement with respect to-the

valve'seat (to control lift).

The time span for the waveforms of FIG..4

may be in the range of 100 to 5000 microseconds,

5 'and typically between .2 50 and 2000 microseconds

for the majority of injection events.

The combination of the above described*

directly actuated injection valve 'and control

strategy provides several benefits, including-'

10. elimination of the hydraulic fluid

supply system that is'-needed by

conventional hydraulically actuated

injection valves. This simplifies.

injection valve construiction, for-

15, example, by eliminating the need for

*hydraulic fluid supply and return

-passages and the hydraulic'fluid

control valves that are employed by

conventional hydraulically actuated

20 injection valves.

automat.i.c compensation for differential

thermal expansion within the.injection

*valve, for wear due to prolonged'

operation, and. for small differiences

25 caused by limitati-ons in manufacturing

tolerances.

* an apparatus that permits the u-se of a

control strategy that can throttle fuel'
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flow.and,reduce Valve.seat wear.' The

ability to.control the'-lift

displacement permits reduced -injection

at lower loads and reduced pre-mixed

burning. For example,, using a

magnetostrictive or piezoelectric,

*actuator, the. valve member'movement 'can

*be,controlled between about 10% and

100%. For lower load conditions it is

important. to be-abl.e to.reduce the f low

of fuel into.thelcombu.stion chamber,

since ' xcess fuel may not 'be combusted,.

resulting. in lower operating efficiency

and higher emissions.

* improved manufacturability'is made

possible by the use of axisymmetric

*cylindrical-parts and few tight

tolerances,between the injection valve-

components.

* valve operation is'improved since the

actuating assembly' permits '"reater

control of the valve member. For

example,. the injection valve may be

used to inject a gaseous-or liquid

fuel,. When,the fuel is gaseous, th'ere

is a greater,need to slow down the

valve-member upon closing because there

is no liquid fuel to dampen the impact

10

.15

20

2 5
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of the valve member on the valve seat.

By shaping'the control'puls e waveform

applied to the' actuator it is possible,

to slow down the closing of-the

5 injection valve to reduce impact on the

valve member and the vdlve.-seat.

While-particular-~elements, embodiments and

applications of the present invention have been

shown and descr ibed, it will.be.-understood, of

10' course, that the invention is n"ot limited thereto

since modifications may be made by those skilled

in the art without departing from the scope of

the present disclosure, particularly-in light of

the foregoing teachings.

15
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What is claimed is:'

1. An injection valve for,injecting fuel

into a.combustion chamber of-an internal

combustion engine, said.injection valv.e

comprising:

5 (a) a valve housing comprising:

a fuel inlet port;

an inter.ior'chamber fluidly

connected-to said fuel.inlet port; and

a valve seat for cooperating with

10 . a valve member to seal-'said interior

chamber from said combustion chamber,

when said injection valve is closed;

(b) said valve member having one end

disposed within said. valve housing and

15 an opposite end extendable' from said

valve. seat toward said combustion.

chamber, wherein said valve member

comprises a sealing surface that

fluidly seals against said valve seat

20 when said_ inj ection..valve is- closed and,

* that is liftabl.e-away from said valve

seat when-said injection valve is..open;.

(c) a biasing mechanism "associated with

.,said valve'member, said biasing

25 mechanism appl ying a closing force to,
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said valve member when,said valve

,member is in said closed position;

(d) an actuator'assembly'associated with.

said valve member, wherein'said

30 actuator asseri bly may be.actuated to

apply an opening force.to said valve

member'stronger than said,.closing

force, for moving said valve member to,

said open positio'n; and

35 (e) a hydraulic link assembly comprising a

passive hydraulic link having a

hydraulic fluid thickness through which

said.opening and closing-forces'are

transmitted,*,whereby. said:hydraulic

40 fluid-acts substantially as -a solid

with said thickness being substantially

fconstant while said actuator assembly

is actuated and wherein said thickness

of said hydraulic link is adjustable

45 while said actuator,.assembly is not

actuated in response to changes 'in the

dimensional relationship between

components of said.injection valve to

maintain a desired valve lift upon'

50 actuation of said actuator assembly.

2. The injec tibn-valve of claim 1 wherein

said thickness of said hydraulic ln1 s uo

-I
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adjustable-while said actuator assembly is not

actuated in response to changes in said

5 dimensional relationship caused by differential

thermal expansion.

3. The injecItiont valve of claim 2 wherein

said*thickness of said hydraulic link is auto-

adjustable while said actuator assembly is-,not

actuated,in response to.changes 'in said

5 dimensional relationship caused by wear to

components-of said injection'valve.

4. Te'injection valve of claim 1 wherein

said hydraulic link assembly comprises a fluidly

sealed hydraulic cylinder that is fluidly sealed

from said.interior chamber, said hydraulic link

5. assembly comprising a piston and ,said hydraulic

fluid is disposed within said hydraulic cylinder.

5. The injectionivalve-of claim 4. wherein

said'piston is an integral part of said valve

member.

6. The injection valve,of'claim 1 wherein,

said"actuator assembly.,compri-ses-a dimensionally

responsive member.,
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7. Th injection valve of claim 6 wherein.

said.dimensionally responsive member is formed

from a magnetostrictive material.'

8. The injection valv'e of claim .7 wherein

said maghetostrictive material comprises *a metal

alloy comprising terbium,.dysprosium and iron.

9. The injection valve of claim 7 wherein

said actuator assembly further comprises an,

electric,coil disposed in an-annular-space around

said dimensionally responsive member..

10. The injection valve of claim 9.,whereift

said,actuator assembly further comprises a flux

tube disposed around'said electric coil..

1.. The injection valve of claim 10 wherein

said- a flux tube is disposed in an annular.space

around said electric'coil.

12. The injection valve of claim 10'wherein

said actuator assembly is disposed within said

interior chamber.*.

13. 'The injection valve of claim'6 wherein

said dimensionally responsive member is formed

from,a piezoelectric. mate rial.'
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14. The inj-ection valve of.claim '6.f urther

.omprising a compression spring member for

applying a compressive, force to said.

dimensionally responsive member.

1.The injection valve of, claim 1 wherein

said fuel inlet port is positioned such that fuel

ent.ers said valve housing and passes thr'ough said

actuator.and hydraulic link assembli'es.

16. The injection valve of claim* 1 wherein,

said fuel- inlet port is positioned near the valve

tip such that fuel flowing through said interior

chamber does not contact said'ac'tuator assembly.,

17. The injection.valv of- claim6 wherein

said. actuator assembly is controllable to.

maintain si desired lift between 10an10

percent of maximum lift.

18. 'The injection valve, of, claim 17 wherein

sadlif t is contro~llable by vary ing a es n

of the'electric current,'the electric voltage'and,

the magnetic field imposed upon said

5 dimensionally.responsive memb*er.
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said valve member is controllable-such that said

valve,-member moves.between said open-and-closed

posit.ions in less'than about 200 microseconds.

20. The injection valve of claim 6 further

comprising a-biasing mechanism for applying a.

compressive force to said dimensionally

responsive member.

21. The injection valve of claim .1 wherein

*said biasing mechanism comprises a sprin

22., The injection valve of claim 21 wherein'

said spring comprises at least one disc spring.

23. The injection valve of claim 1 wherein,

said fuel is a gaseous fuel'..

24.' The injection valve of claim 23 wherein

said hydraulic fluid is a liquid..

25. The 'injection valve of claim.24 wherein

said hydraulic f luid;,is.a-liquid, selected from

the group consisting of motor oil and grease.

26. The injection valve.,of. claimi1 wherein

s aid fuel is injected into said combustion

chamb.er at a pressure greater than about 2000 psi

(about 13.8 Mpa).
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27. The injection valve of claim 1 wherein

said valve housing comprises a plurality of parts

which are joined with each other to provide a.

fluidly sealed-body.

28-." The, injection valve of claim 1 wherein

said valve housing, said valve member and said

actuator.assembly are selected from materials

having',thermal.expansion coefficients,

5 -sufficiently compatible su ch that changes in the

dimensional relationship between-said,components-

caused by changes'-in temperature are reduced.

29. An injection valve for injecting fuel

into a combustion chamber of.an internal-

combustion engine,.,said injection 'valve

comprising:

5 (a) ' a valve-housing comprising:

a fuel inlet port;

an interior chamber fluidly

connected to said fuel inlet port;

a valve. seat provided on at end of

10 said housing.that.-faces said.combustion

chamber;

(b) a valve member'comprising a shaft

portion having'a first/end.to which. a

circular head,is transversely mounted.

15 wherein said,head provides'an annular
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sealing surface that faces said valve

seat, and a 'second end bf,"said shaft is

associated with a piston portion, said

v- 'alve member movable between a closed

20 position at which said sealing surface

contacts said valve seat to fluidly

seal said interior.chamber from*said

combusItion chamber, and an open

position at'which.said sealing.surface

25 is spaced apart-from said valve. seat

whereby-said.'interior chamber is

fluidly connected with combustion

chamber;

(c) a biasing mechanism associa ted with

30 said piston portion of said valve

member, said bi-asing mechanism,applying

aclosing forc.e to said valve member

when said valve memb r.is-in said,

closed position\-

35 (d) an.-actuator assembly for applying an

openi,ng-. force 'to. said valve member.that

is stronger than said closing force,

for moving said valve member to said

open position, said actuator assembly

4.0 comprising a member having dimensional

responsiveness to the imposition of at

least one'of an electric,current,.an

electtic.voltage and a magnetic field,-
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said dimensionally responsive member

45 disposed between a fixed pole

maintained in a fixed position relative

to said valve&housing and a sliding

pole., said sliding pole being

displaceable,by expansion of said

50 dimensionally responsive member;, and

(e)'-a'hydraulic-link assembly-comprising a

fluidly sealed hydraulic cylinder

disposed about said piston portion of

J- said valve member, a hydraulic fluid..

55 disposed within said-hydraulic

cylinder, wherein said opening and

closing..f orces applied to said valve

member are transmitted-through a

thickness of said hydraulic fluid'

60 whereby.s.aid-hydraulic fluid acts as-a

hydraulic link-and said thickness is

automatically adjustable in' response to,

changes in the dimensional, relationship

between,components of.said: injection

65 valve to maintain a desired-valve lift

upon actuation of said actuator

assembly..

30.. The injection valve,of..claim 29 wherein

said dimensionally responsive member is formed

from a magnetostrictive material..
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31-. The injection valve of claim 30 wherein

*said magnetostricti.Ve material comprises a metal

alloy comprising-terbium-, dysprosium and iron.

32. The.injection valve of claim 30 wherein

said actuator assembly further comprises an

electric coil disposed in an annular space around

said dimensionally responsive member.

33.' The injection valve of, claim 32 wherein

said actuator assembly further comprises a flux

tube disposed in an annular .space around said

electric coil.

34. The injection valve of claim 29 wherein

said dimen sionally responsive member -is formed

from a piezoelectric,materi'al.

-35The injection valve of claim 2.9-further'

comprising a compression s pring member -for

applying-a compressive force to said

dimensionally responsive member.'

--36-. A method of using a shaped waveform to

contrQl. electric current to,actuate an-'injection

valve for an internal combustion engine.that

employs 'a'dimensionally-responsive actuator
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5 assembly comprising at least one of a

magnetostrictive and a piezoelectric material,

and a controller to. govern valve lift..and

duration.according to Values-predetermined'for

engine load, demands with-in the operating range o f

10' said engine by said controller controll.ing

current and voltage dire*cted to-said-actuator

assembly, said method comprising for each

* injection event:

(a) initiating an injection,.event by

.15 ' rapidly increasing current to,'a

magnitude that 'is known to correspond

to a .desired lift-by applying high

frequency voltage 'cycle,s and in each

cycle maintaining a net positive

* 20 v6ltage

(b), maintaining a current to control' said'

desired lift for a duration

predetermined by said controller; and

(c) .concluding nijetion event by

25 .decreasing .cu.rrent tntil it is reduced

to zero amps by applying high. frequency

volt,age cycles and in.each cycle*

maintaining -a net negative voltage.

-327 The method of claim '36~whereby the step

* of initiating an injection -event further:

comprises initially increasing cu'rrent -to a spike
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value higher than the value f or. th'e desired lift

5 to rapidly open said valve and then redu"Cing

curren.t to the value.to cause the desired lift.

_.&.8 The -method of C'laim- wherein said

spike.-value is up to about an order of magnitude

higher than the value needed to'cause the desired

lift.

SThe method.of dlaim 29 further'

comprising applying high frequency voltage cycles'

between offsetting positive and negative voltages

to generate a current of close to zero amps

5 immediately prior to an injection event.-

4-G-~. The method.of-claim 29 wherein the time

to open said,~valve from a closed position to said

desired lift is less that about 100 microseconds.

4.A method*of operating a fuel injection

valve for an internal -combustion engine, said

injection valve having a longitudinal axis, said,

method comprising:

5 (a), actuating a dimensionally responsive

member comprising at least one of a

magnetostrictive material,and,a

piezoelectric material, said

dimensionally responsive member .
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10 'expanding 'in length in the direction of

said-'longitudinal axis upon actuation

of said,actuator;

(b)' transferring movement caused'by said

actuated.di.mensionally responsive,

15 member through a passive hydraulic link

to cause a corresponding movement of 'a

valve member to open,said valve.by

lifting said,.valve.'member,away from'a

valve, seat and compressing a biasing.

20 mechanism that- biases said,valve in a

closed position, said passive hydraulic

link-.compris,ing,a hydraulic cylinder

which houses.a piston.and is.filled
wiha hydraulic fluid, weensi

25 hydrauli.c:fluid forms a layer between

said-piston and a cylinder head and

because of the short duration that said

valveris open,.said hydraulic fluid

does-not have time to flow' from one

30 side of said piston to the other side

and while said injection valve is''bpen,

said layer of,~hydraulic fluid acts' as.

an incompressible solid so that

movement.cau-sed by.the actuation of

35. said dimensionally responsive member is

transmitted through said fluid layer;
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(c). deactuating said dimensionally

responsive member to-contract -the

length of said.dimensi.onally''responsive

40 member to unload said biasing' mechanism

and cause a corresponding movement'of

said valve member to close said valve;''

(d) -providing sufficient time between

consecutive valve openings to allow at,.

45 least some of said hydraulic,.fluid

within said passive hydraulic link--to.

L flow from one side of said piston to,

the other side of' said.piston.
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Attorney Docket.No. l254lUS03

DIRECTLY ACTUATED INJECTION VALVE-

Abstract

A directly*actuated injection va e

c mprise8 a hollow valve housing, a. alve member

disposed-within the hollow interio ,-a biasing.

meChani,sm, an actuator assembly d a hydraulic.

5, link assembly.. The valve membe is movable

bewenaclosed position and an open position

f or governing the flow of f el intbo.he.

combustion chamber of'.an ternal combustion

engine. The, biasing mec anism.,.preferably-a

10* spring,- bia'S'es the valbe member in- the closed

* posit'ion. The-actua or assembly-generates an

opening force that cts-against the'valve.spring,

*to open the valve. The.hyd.raul"ic link'assembly

is interposed b tween the valve member and the,'

15 valve spring d.the actuator assembly.. The

hydraulic li k-assembly transmits.respective

closing an opening*forces to the valve member.

The hydr, lic link preferably c omp'r'i ses a piston

dispos- within a cylinder that is,filled with.a,-

20, hydra -lic fluid. The opening and 'Closing forces

are'transmittea: through a thickness of the

* h draulic,fluid'that is trapped between.the

lanar surfaces of the piston,and the,head and

base of the hydrauli'c cylinder.
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UNITED STATES PATENT AiNDTRAD~EMARK OFFICE
COMMISSIONER FOR PATENTS

UNITED STATES PATENT AND TRADEMARK OFFICE
WASHINGTON, D.C'. 26231

mvww.uspogov

APPLICATION NU MBER T FILING/RECEIPT DATE FIRST NA MED APPLICANT ATTORNEY DOCKET NUNMBER

09/863,187 05/23/2001 Alan Welch 12541 US03

' CONFIRMA,TION NO. 2084
FORMALITIES. LETTER

*OOOOOOO0061 61456*

Rober W. Fieseler
McAndrews, Held & Malloy, Ltd.
34th Floor
500 West Madison Street
Chicago, IL 60.661

Date Mailed: 06/07/2001

NOTICE TO FILE MISSING PARTS OF NONPROVISIONAL APPLICATION

FILED UNDER 37 CFR 1.53(b)

Filing Date Granted

An application number and-filing date have been.accorded to this application. The item(s) indicated- below,
however, are missing. Applicant is given TWO MON THS from the date of this Notice within which to file all
required items and pay any fees required below to avoid abandonment. Extensions of time may be obtained
by filing a petition accompanied by the extension fee under the provisions of.37 CFR 1. 136(a).

" The oath or declaration is missing.
A pro perlysigned oath or declaration in compliance with .37. CFR 1. 63, identifying the application by the
above Application Number and Filing Date, is required.

" To avoid abandonment, a late filing fee. or oath or declaration surcharge as set forth in 37 CFR 1. 16(e)
of $130 for a non-small entity, must be 'Submitted with the missing items idenrtified in this letter.

* The balance due by applicant is $ 130.

A copy of this notice MUST be returned with the reply.

- OFFICE COPY

Customer Service Center
Initial1 Patent Examination Division (703) 308-1202

PART 3

I
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File History Content Report

The following content is missing from the original file history record obtained from the

United States Patent and Trademark Office.  No additional information is available.

Document Title  -     USPTO Communication Re: Change of Address  

Document Date -       2001-06-07

This page is not part of the official USPTO record.  It has been determined that content 
identified on this document is missing from the original file history record.  Petitioner Ex. 1002, p. 107
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JUN 29200

'A DDA

PATENT APPLICATION OF:

ALAN B. WELCH, IRAWAN
RAHARDJA and MIKE.HEBBES

SERIAL NO. 09/8631187

FILED: May 23,. 2001

FOR: DIRECTLY ACTUATED
INJECTION VALVE-

GROUP, ART- UNIT: 3747-

EXAMINER: Not Assigned

PATENT

Attorney Docket No., 12541US03

PATENT AND) TRADEMARK OF FICE

CERTIFICATE OF-MAI.LING

I hereby certify.that, this.
correspondence is being

deposited Iwith'the United
States Postal Service as
first.class mail, postage.
prepaid,,\in an envelope
addressed to: Assistant,
Commissioner for Patents,.
Washington, D".Q. 20231,.on
this date: June -7, 2001.

-Robert W. Fieseler

Registration No. 3,2.
Attorney for Applicant(s.)

RESPONSE TO.NOTICE TO FILE MISSING PARTS

*Box Missing Parts
Assistant Commissioner For Patents
Washington, D.C.- 20231.

Sir:

In' respon.se to the Notice To-File Missing Parts Of

Application dated June 7, 2001 (return,copy enclosed),, enclosed

is the exe'cuted Declaration and-POwer Of Attorney for the-abov.e.

application.

to cover the

.Also enc,losed' is a check in the amount of*$130.00

surcharge-due for a large entity.

IN THE UNITED STATESI
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Please charge any_additional fees,.*or credit any

overpayment, incurre-d-in connection with this-submission to

Deposit Account No. 13-001'7..

Respectfully submitted,

Robert W. Fieseler
Registration No. 31,826
Attorney. For Applicants

McANDREWS, HELD & MALLOY,- LTD.
500 West'Madison Street, 34th*Floo'r
Chicago, Illinois 60661

Tele phone (312)
Facsimile (312)

Date: J une 2 7,

775-8000
775" 8 100

2001

7

-2-
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APPLICATION NU MBER FILING/RECEIPT DATE 7
09/63,187/

)

-r 0/23/2001

'U 2 20M1

PATENT TRADEI:A
D AD*

Alan Welch 12541 US03

CONFIRMATION NO. 2084
FORMALITIES LETTER

*0C000000006161456*

Robert.W. Fieseler
McAndrews, Held & Malloy, Ltd.

'34th Floor
500 West Madison StreetChicago, IL 60661

Date Mailed: 06/07/2001

NOTICE TO FILE MISSING PARTS OF- NON PROVISIONAL APPLICATION

FILED UNDER 37 CFR 1.53(b)

Filing Date, Granted

An application number and filing date have been accorded to this application. The item(s) indicated below,
however, are missing. Applicant is given TWO. MONTHS from the date of this Notice within which to file all
required items and,pay any fees required below to avoid.abandonment. Extensions of time may be obtained
by filing a petition accompanied by the extension fee under the provisions of 37 CFR 1 .136(a).

*.The oath or declaration is missing./
A properly signed oath or declaration in compliance with 37 CFR 1. 63, identifying the application by the
above Application Number and Filing Date, is required.,

.To avoid abandonment, a late filing fee or oath or declaration surcharge as set forth in 37 CFR 1.16(e)
of $130 for a non-small entity, must be submitted with the missing items identified in this letter.

*The balance due by applicant is $ 130.

A copy of this notice MUST be returned with the reply.

Customer Service Center
Initial Patent, Examination Division (703) 308-1202

PART 2 - COPY TO BE RETURNED WITH RESPONSE

UNITED STATESI OFFICE
COMMISSIONE4tR FOR PATENTS

UNITED STATES PATENT AND TRADEMARK OFFICE
WASHINCTON, D.C. 20231 .4f j

www.uspto.gov ~
FIRST NAMED APPLICANT - ATTORNEY DOCKET NMMER

Page -1Iof1

/
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. Attorney Docket-No. 12541US03

'~DECLARATION AND POWER OF ATTORNEY

As a below-named inventor, I-hereby declare that:'

My residence, post office address and'.citizenship are
as stated below next to my'name.

- believe that I.am.the original inventor (if only one.
name-is listed below) 'or an original, first and joint inventor
(if plural names are listed below) of the subject matter which is
claimed and for which a patent is sought on the invention
entitled:

DIRECTLY ACTUATED INJECTION VALVE

the specification' of which was filed as.U.S. Patent Application
Serial No. 09/863,.187 on May. 23, 2000

I hereby state that 1, haVe reviewed and underst/and. the
contents of the above-identified'specificatio'n, including the
claims. I acknowledge the duty to-disclose information which is
material to the examination, of this application in accordance

wth Title 37, Coeo-eeaRgltions, Section 1:'56(a)..

Ii hereby claim foreign priority benefits under Title
35, United States Code, section 119(a)-(d) or section 365(b) of
~any foreign application(s) for',patent or inventor'-s,certificate,
or sedtion 365*(a) of any -PCT'international application which.
designated at least one country other than the United States of
America,'listed below and have also identified.below any foreign
application(s) for patent "or inventor's certificate or any PCT
international application(s) designating at least 'one country-
other-,than the United States 'of Ame~rica filed.by me on the same
subject matter having a filing date bef.ore that of the
application on which priority.is,claimed:

NONE.'

Ihere8.y claim the benefi't under Title 35,-United
States.Code, sect-ion 119(e) of any United- States'provi sional
application(s) listed below:

U.S. Provisional Patent Application.
Serial No.,60/159,791 filed.-October 15, 199,9.

I hereby claim the benefit unde.r.Title 35', United
states Code, section 120 of any'United States application(-s), or
section-365(c) of any PCT international application..designatinq
the' United States of America, listed below and, insofar as.the
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Subject matter of each of the. claims of ',this application -is -not
disclosed in such priorl,application(s) in the manner pr:ovided by
the first paragraph of Title 35.', United States Code, section 112-,
I acknowledge.-the duty to disclose material information as.
defined in Title 37, Code of Federal Regulations,,section 1.56,(a)
which-became available between the.filing date of ;the prior
application(s) and the national or PCT international filing date
of this application:

U.S. Paten.t Application
Serial No. 09/522,130 filed March'9, 2000.

I hereby appoint:

George P. McAndrews
John J. Held.
Timothy-J. Malloy
William M. Wesley.
Lawrence M. Jarvis
Gregory J. Vogler

Jean Dudek Kuelper

Robert W. Fiesel.er
D. David Hill
Thomas J. Wimbiscus
Steven J.'Hampton
Priscilla F. Gallagher
Stephen.F.,'Sherry
-Patrick J.-*Arnold Jr.
George Wheeler

-Janet M. McNi.cholas
Ronald E. Larson
Christopher' C.--Winslade
Edward A. Mas-II
G regory C. Schodde
Edward W.. Remus
Donald J. Pochopien
Sharon A. Hwang
David D.. Headrick
Dean D. Small
Alej andro Menchaca
.Kirk A. Vander Leest
Richard T. McCaul ley,, Jr.
Anthony E. Dowell
Peter J. McAndrews
Jonathan R. Sick
Eligio C. Pimentel.,
James P. Murphy

Reg.
Reg.
Reg'..
Reg.
Reg.
Reg.
Reg.
Reg.
Reg..
Reg.
Reg.
Reg.
Reg.
Reg.
Reg.
Reg.
Reg.
Reg'-
Reg.,
Reg.,
Reg.
Reg.
Reg.
Reg.
Reg.
Reg.
Reg.
Reg.
Reg.
Reg.
Reg.
Reg'.
Reg.
Reg.

No. 22',760
No. 21,061
No. 25,600
No. 26,521
No. 27,341
No. 31,313
No. -30,171
No. 30,0b63
No. 31,826
No. 35,543
No.. 36,059..
No:* 33,1707
No.. 32,223
No. 30,59 0
No. 37*,769
No. 28,766
No. 32,918
No. 24,478,
No. '36,308
No. 37,17 9
No.,36,6.68
No. 25,703
No. 32,167
No. 3 9,71 7
No. 40,642
No. 34,730
No. 34,3'89
No. 34,036
No.- 41,977.'
No. -39,661
No.1.38,547
No j4 31 2 0
No. 42,076.
No. 4,4

-2-
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Dean A.- Pelletier
Michael,B. Harlin
Jam es R. Nuttall
Jeffrey D. Wheeler
Timothy L. Harney
Joseph M. Barich
Scott P. McBride
Patricia J. McGrath
Sandra A. 'Frantzen.
Christopher V. Carani
Jennifer E.,Lacrbix
Joseph F.'Harding
Joseph M.' Butscher
Stephen M; Miller
Troy.A. Groetken
MiA}~ael J. Fitzpatrick

Reg..No. 45,007
Reg'.,No..43,658
Reg. N o. 44,978
Reg. No. 39,066
Req. No.,38,174
Reg. No. 42,291
Reg. No. 42,853
Reg. No. 44,919
Reg. No. P-48,799
Reg.-No. 144,049
Reg. No.. 46,85,2
Req. No. P-48,450
Reg. No. P-48-,326
Req.-No.'40,728
Req'. No. 46,442
Req. No. P-48,.510

the address and telephone number of.each of. whom is McAndrews.,

Held & Malloy, Ltd.,.500 West Madison Street,'34th-Floor,
Chicago, Illinois 60661, (312),775-8000, as our attorneys with
full power of substitution and revocation to prosecu-te..this
application and to transact all business i n the Patent and
Trademark'Office'connected therewith.

Please direct telephone calls to Robert W. Fieseler at
(312),775-8'123.' Please dir.ect facsimiles to Robert W_ Fieseler
at (312) 775-8100.

Please address.correspondence to:

Robert W. Fieseler
McAndrews, Held &,Malloy,,Ltd.
500 West Madison..Street, Suite 3400.
Chicago; Illinois 60661

I hereby'declare that all statements'made herein of our
own knowledge are true and that all statements made on'
information and-belieflare believed to be true; and further that
these statements were made with the knowledge that willful false.
statements and 'the like so made a're-punishable by fine:or
imprisonment, or both,,under Secti 'on 1001 of Title 18 of the
United States Code and that such willful.false statements may
jeopardize the validity of.the application or any patent-issued
thereon .

Full name of first inventor: an B. Welch.

Inventor's signature .DteL ZC _____

-3-
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Residence Address: 2828 West- 3 4 t Avenue
Vanc.ouver,-B'ritish Columbia,-Canada V6N 2J6-

Citizenship: Canadian

Post Of.fice-Address:, Westport Innovations Inc.
th.1691 West 75 Avenue

Vancouver, B.C., Canada V6P 6P2

Full name of second inventor:- raa,). Rahardja.

Inventor's signature _____________ E

Residence Address: ~jL 1/-t
Dae2o. juiioo 00

Suite. 20,6 -3727 West 10'-, Avenue
Vancouver, British'Columbia, Canada V6R 2 G5

Citizenship: Canadian

Post Off ice Address: Westport.Innovations Inc.
1691 West. 7 5 th Avenue.
Vancouver, B.C., Canada V6P 6P2

Full,'name of,third inventor: Mike.Hebbes.

Inventor' s signature

Residence Address:

Citizenship:.Canadian

2A.4~Z Date v o6

Suite 804 - 501 Pacific'Street
Vancouver, British Columbia,, Canada V6Z 2X6

Post Office Address: Westport Innovations Inc.
th

1691 West 75 Avenue
Vancouver,.B.C., Canada V6P 6P2

-4-
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. Jl

PATENT<
Attorney-Docket No-. 12541US03.

IN THE.UNITED STATES PATENT AND TRADEMARK OFFICE

PATENT APPLICATION OF:

ALAN,WELCH,
IRAWAN RAHARDJA and
MIKE HEBBES,

SERIAL NO. 09/863,1 87

FILED:' MAY 23, 200-1

FOR: DIRECTLY ACTUATED
INJECTION VALVE

GROUP ART UNIT: 3747

EXAMINER: Not yet assigned

3

CERTIFICATE OF MAILING

'I hereby certify that'this
correspondence is being
deposited with the United
States Postal Service as.
first class mail, postage
prepaid, in an envelope
addressed to: Assistant
Commissioner for Patent's,
Washington, D.C.- 20231, on
this date:

Robert W. Fiesefer
Registration No. 31,826
Attorney for Applicants

INFORMATION DISCLOSURE STATEMENT

Assistant Commissioner for Patents C

Washington, D.C.,20231 C,

Sir: fr

Applicants submit, herewith a copy of each 'of thecD

following references for consideration by the U.S.:-. Patent

and Trademark Office in connection with the above

application.

x
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U.S. Patent No. Ivno()IseDt

4, 158, 368
4,725,002
4-, 813, 601
5,031,84.1
5,035',360

/5, 697, 554
5,779,149
5,819,710
5., 845, 852

5,875,764

6, 062, 533

Clark
Trachte

Schwerdt et al.
Schafer
Green et al.

Auwaerter et al.
Hayes,.Jr..
Huber
Waldman et al..
Kappel et,al.

Kappel et al.

Foreign Patent No.,- Country Publication Date

WO. 85/02-445
09- 324723

10-009084

2 321 501
0 869 278

19.7-27 992

PCT
Japan
Japan
Great Britain
EPO.

Germany:

The above references are.listed on-the enclosed Form

PTO-1449 entitled "'Information Disclosure-Citation."

This Information Disclosure Statement is being submitted

within three ( 3') months-of the filing'date of'the

a pplication and/or before'the receipt bf a first office

Action on.'the merits of the application.

-2-

&

06/79
02'/8 8

03/89.
07/91
07/91

12/97
07/98
10/98
12/'98
03/99

05/00

06/b5
12/97
01/98

08/98

Ol/.99

Inventor(s) Issue Date.
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*1~

Please charge any fees incurred in connection with this

submission to Deposit Account No. 13-0017 in the name of

McAndrews, Held & Malloy, Ltd.,

Respectfully submitted,

Robert W. Fieseler
Registration*No. 31'826
Attorney~ for Applicants.

Russell'A. Garrison
MCANDREWS, HELD & MALLOY, LTD.

500.West Madison Street, 34th Floor
Chicago,,Illinois 60661

Telephone (312) -775-8000
Facsimile (312) 775-'8100

Dated: 230Ck

-3- /
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Fom TO 14
(Rev. 8-83)
(modified)

DEPARTMENT OF COMMERCE
&TNT AND TRADEMARK OFFICE

INFORMATION DISCLOSURE CITATION
(Use several sheets if necessary)'

Sheet Lof 1

ATTY. DOCKET NO.

12541US03
*SERIAL NO.

09/863,187

APPLICANT(s):
Welch et al.

FILING DATE
May 23, 2001

GROUP ART UNIT:
3747

U.S. PATENT DOCUMENTS
FILING DATE.

EXAMINER DOCUMENT NO. DATE NAME CLASS SUBCLASS IF.

INITIAk. .APPROPRIATE

158,38 6/79 Clark 137 487.5
4,725,002 02/88 -Trachte 239 102.2 - _____

4,813,601. 03/89 Schwerdt et al. 239 91______

5,031,841 07/91 Schafer 239 585, _____

567541/7Auwaerter et al. 239 88 w >;

5,779,149 07/98 Hayes, Jr.. 239 124 -a

5,819,710 10/98 iluber 123 498 ______

5,845,852 12/98 Waldmaetl 239 533.8

5,875,764039 Kappel et al. 123 467
_____ __6,062,533 05100 Kappel et al. 251 57 C

_______FOREIGN PATENT DOCUMENTS

EXAMINER DOCUMENT NO. PUBLICATION COUNTRY CLASS SUBCLASS. TRANSLATION
INITIAL DATE

____ YES NO

WO 85/02445 /5 PCT
___09-324723 12/97 Japan. X (abstract)
___10-009084 01/98 Japan X (abstract)

__2 321 501. 07/98,N Great Britain ____

__0 869 278 \08/98 Epo._____
___197 27 992 01/99 Germany ___ _____ ___

OTHER DOCUMENTS (Including 5!tjor, Title, Date, Pertinent Pages, Etc.)

A

EXA-MINER DATE CONSIDERED:
I 7,

*EA IN R Initial citation considered, wh er or not citation'is in conformance with MPEP 609; Draw line through citation if not in conformance and not'

considered. Include copy of this form with next communication to applicant.
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EUROPEAN PATEN...)FFICE
Patent Abstracts of, Japan

PUBLICATION NUMBER
PUBLICATION DATE

APPLICATION DATE-
APPLICATION NUMBER

APP-LICANT

INVENTOR

NT.CL.

TITLE

09324723
16-12-97

03-06-96
08140050-

HITACHI LTD;

MORIYA HISATOKU;

F02M51/06 H02N 2/00'

FUEL INJECTIONYVALVE

ABSTRACT -PROBLEM TO BE SOLVED: To provide a reliable fuel injection valve, in an internally
open type fuel injection valVe using a magnetostrictive element.

SOLUTION: An electro-magnetic, coil 3 for generating a magnetic field and an
electricity-machine conversion element 4 extending when the magnetic field is.impressed
by this electro-magnetic coil 3 are fixed in the box body 1 of a fuel injection valve. Further,
a rod 1 O,on which a. ball valve 9 is fixed on a tip is pressed. downward by the

* . electricity-machine conversion element 4. Therefore, when the magnetic field is impressed
on the electricity-machine conversion element 4 by the electro-magnetic coil 3, the
electricity-machine conversion element 4 is displaced and the rod 10 is. driven by this
displacement and the fuel is injected..

COPYRIGHT: (C)l 997,JPO
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Patent Abstracts of Japan

PU.BLICATION NUMBER
PUBLICATION DATE

APPLICATION DT
APPLICATION NUMBER-

APPLICANT

INVENTOR

EUROPEAN PATEN' )F.FICE

*10009084
T 3-01-98

*24-06-96tv 3 * Kb 19
.08162947

NISSAN MOTOR CO LTD;

ARAITAKAYUKI;

iNT-CL. F02M 51/06 -Fl6K 31/02 H102N 2/00

TITLE

ABSTRACT

PIEZOELECTRIC FUEL INJECTION
VALVE,

PROBLEM TO BE SOLVED: To makethe fuel inject ion valve. free from the influence of
thermal expansion in any service temperature area, and make effective use of the
displacement of.a piezoelectric element even when the piezoelectric element high in
responsiveness is applied to the needle valve of -a fuel injection valve, and lower
production costs with the piezo-electric elementmade small in size.

SOLUTION: The piezoelectric type fuel injection valve is formed out of a needle valve
opening/clo sing an injection port to inject fuel, a spring which energizes the needle valve
to the direction that the valve is closed, and concurrently presses the needle valve to a
nozzle, and of a piezoelectric element which drivingly extends the needle valve to a valve
open condition. An expansion correction member is provided in series with the
piezoelectric element, and it is so constituted that a'relation expressed.by
LX=(KbxLb-KpxLp)/Kx is thereby satisfied.where Lx' represents the dimension of a linear
expansion correction member, Kb represents the linear expansion coefficient. of'a c asing
part, Lb represents the length of the casing concerned with expansion, Kp represents.the
linear expansion coefficient *of the electrostrictive element, Lp represents the length of the
electrostrict'ive element, Kx represents'the linear expansion coefficient of a linear
expansion absorbing member, and Lx represent the linear expansion coefficient of the
linear expansion absorbing member.
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Office Action Summary

Application No.:-

09/863,187

Examiner

Mahr-oud M Gimie

Applicant(s)

.WELCH ET AL.

Art'Unit,

3747
-The MAILING DATE of this communication appears on.the cover sheet with the correspondence address.;-

Period for Reply

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 3 MONTH(S) FROM
THE MAILING DATE OF THIS COMMUNICATION..
- Extensions of time may be available under the provisions of 37 CFR 1.136(a). In no eyent, however,- may a reply be timely filed

* after SIX (6) MONTHS from the mailing date of this communication.
- If the period for reply specified above is less than thirty (30) days, a reply within the statutory minimum of thirty (30) days will be considered timely.
- If NO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6) MONTHS from the mailing date of this communication.
- Failure to reply within the set or extended period for reply will, by statute, cause.the application to become ABANDONED (35 U.S.C. § 133).
- Any reply received by the Office later than three months after the mailing date of this communication, even if timely filed, may reduce any

earned patent term adjustment. See 37 CFR 1 .704(b)-.
Status

1)0 Responsive to communication(s),filed on 27 Auqust 2002.

2a)I, This action is FINAL. 2b)E This action is non-final.

3)0I Since this application i's in condition for allowance except for formal matters, prosecution as,to the merlits is
closed in accordance with the practice under Ex parte Qua yle, 1935 C.D. 11, 453 O.G. 213'.)

Disposition of Claims

4)0 Claim(s) 1i-41 is/are pending in the application.
4a) Of the above claim(s)___ is/are withdrawn from consideration.

5)0J Claim(s)___ is/are allowed.

6)0 Claim(s) 1-41~ is/are rejected.

7)111 Claim(s)___ is/are objected to.

8)FJ Claim(s)___ are subject to. restriction and/or eliection.requirement.
Application Papers

9)N The specification is objected to by the Examiner.

10O)E The drawing(s) filed on 23 May 2001 is/are: a)EI accepted orb)N objected.to by the Examiner.

Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1.85(a).

110)i The proposed drawing, correction filed on.___ is: a)EI approved b)D disapproved by the Examiner.

If approved, corrected draWings are required in reply to this Office action..

12)EiI The oath or declaration is objected to by the Examiner.

Priority under 35 U.S.C.'§§ 119 and 120

13)F11 Acknowledgm ent is made of a claim for,foreign priority under 35 U.S.C. § 11 9(a)-(d) or (f).

a)EiI All b)n1 Some * c)EI None of:

11-1 Certified Copies of,the priority, documents have been received.

2.01 Certified copies of the priority documents have been received in Application No.___

3.[] Copies of the certified copies of the priority documents have,been received inthis National Stage
application from the International Bureau (PCT Rule 17.2(a)).

/*See the attached detailed Office aCtion for. a list of the certified copies not, received.

1 4)LiI Acknowledgment is made of.a claim for domestic priority under 35 U.S.C. § 11 9(e) (to a provisional application):,

a) El The translation of the foreign language provisional application has been received.
15)01 Acknowledgment is'made of a claim for domestic priority under 35 U.S.C. §§ 120 and/or 121.

Attachment(s)

1) Notice of References Cited. (PTO-892)'. 4) E Interview Summary (PTO-413) Paper No(s).
2)D Notice of Draftsperson's Patent Drawing Revie Iw (PTO-948) 5) El Notice of Informal Patent Applic Iation (PTO-1 52)
3) Inform ation Disclosure Statement(s) (PTO- 1449). Paper No(s) 4.6)01 Other:

U.S. Pateni and Trademark Office
Part of Paper No. 5Office Actio.n Summary.
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Application/Control Number: 09/863,187 Page 2
Art Unit: 3747

DETAILED ACTION

Drawings

1. This application has been filed.with informal drawings, which are acceptable for

examination purposes only. Formal drawings will be required when the application is

allowed.

2.. The drawings -are objected to as failing to comply with 37 CFR.1 .84(p)(5)

because they do not include the following reference s'ign(s) mentioned -in the

description: (a) 100 mentioned on various.parts of the specification including page 25,

line 19 and page 28, line 8. (b) 202 mentioned on page 27, line 8. A proposed drawing

correction or corrected drawings are required in reply to the Office.action to avoid

abandonment of the application. The objection to the drawings will not be held in

abeyance.

Specification

3. The abstract of the disclosure is objected to because it exceeds 150 words in
length.

Correction is required. See MPEP § 608.01 (b).,

Claim Rejections',-35. USC § 103

4. The,following is a quotation of 35 U.S.C..103(a) which forms-the basis."for all

obviousness rejections set forth in this Office action:

(a) A patent may not be obtained though the invention is not identically disciosed or described as set
forth in section 102 of this titie, if the differences between the subject matter sought to be- patented and
the prior art are such that the subject matter as-a whoie wouid have been obvious at the time the
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Application/Control Number: 09/863,187 Page 3
Art Unit:.3747

invention Was made to a-person having ordinary skill in the art to Which said subject matter pertains.
Patentability shall not be negatived by the manner in which the invention was made:.

5. Claims 1-4.1 are rejected under 35 U.S.C. 103(a) as being unpatentable over

Kurishige et al (5,630,550).

Kurishige, et al,_ discloses an.injection valv.e for-injecting fuel into a combustion chamber

of an-,internal.combustion engine, said injection valve comprising:-.(a) a valve housing

comprising: a fuel inlet port (17); an interior chamber fluidly, connected to said fuel inlet

port (3a); and a valve seat for cooperating with a valve member (4) to seal said interior

chamber from said combustion chamber when, said injection- valve is closed; (b) said,

valve member having one.end disposed within said Valve -housing and an opposite end'

extendable from said valve seat toward said combustion chamber, wherein said valve

member *comprises a sealing surface that fluidly-seals against said valve seat when

said injection valve is closed and that is liftable away from said -valve seat when said

injection valV e- is, open; (c),a biasing mechanism associated with said'valve ,member,

said biasing mechanism applying a closing force to said valve -member when said valve

member is in said closed'position; (d) an actuator assembly associated with said valve

member, wherein said -actuator, assembly -m.ay be actuated to apply an opening force to

said valve, member-stronger,than saidclosing force, for moving said valve- member to

said, open position;* and. (e) a hydraulic link assembly comprising a passive hydraulic

link, having a hydraulic fluid thickness through which said opening and closing forces

are transmitted, whereby said hydraulic fluid 'Said,thickness being substantial,ly constant

while said actuator assembly is actuated and wherein said thickness of-said hydraulic

ink'is adjustable while said actuato'r assml s not actuaeinrpnstocngsn
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Application/Control Number: 09/863,187 Page 4
Art Unit: 3747

the dimensional relationship between components of said'injection valve to maintain a

desired valve lift upon actuation of said actuator assembly.

Kurishige, et. al, does not teach the press6re.-transmitting fluid acts substantially as a

solid. However, teaches that an increase/decrease of the viscosity coefficient. can be of

the pressur\e transmitting medium can be controlled between -300 C and 2000Cwhich

suggests. that the fluid acts substantially as a solid.

Therefore, It would have been* obvious to one of ordinary skill in the art at the time of the

invention was made to modify the invention of Kurishige et al by realizing that, the

pressure transmitting, fluid acts as a' solid. The. motivation to do so would have been to

show that the pressure transmitting fluid characteristics does not heavily depend on

ambient temperature.

With regard to claim 4,'the hydraulic link assembly opies a fluidly sealed hydraulic

cylinder. (18) that is fluidly sealed from said interior chamber, said hydraulic link

assembly c omprising a piston (6) and said hydraulic fluid is disposed within said

hydraulic cylinder.

With regard to claim5, said piston (6) is an integral part of said valve member (4)..

With. regard to method claims see above and figures 8A-8C and 1 3A-B.

All other-.claims see above and figures 1-15.

Conclusion

6. The prior art made of record and not relied upon is considered pertinent to

applicant's disclosure. The cited. references show directly actuated fuel injectors.
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Application/Control Number: 09/863,187 Page 5
Art Unit: 3747

7. This application currently names joint inventors. In'considerin.g patentability of

the clabims under 35 'U.S.C. 103(a),,the examiner presumes that the subject matter of

the various claims was commonly owned at the time any inventions covered therein

were 'rmade.absent any evidence'to the contrary. Applicant is advised of the. obligation.

under 37 CFR 1.56.to point but the'inventor and-invention dates of each claim that was

not commonly owned at the time a later invention was made in order for the examiner to

consider the applicability of 35 U.S.C.'103(c) and potential 35 U.S.C. 102(e), (f) or (g).

prior art under.35 U..S.C. 103(a).

Any inquiry concerning this communication or earlier communications from the

examiner shoUld be directed to Mahmou.d M Gimie whose telephone number is 703-

305-1037. The examiner can normally be reached on 7 a.m. -3:30 p.m.

If attempts to reach the examiner by telephone are. unsuccessful, the examiner's

supervisor, Henry Yuen can be, reached on -703-308-1946.. The fax phone numbers for

the organization Where this application or proceeding is assigned are 703-872-9302 for

regular communications and 703-872-9302 for After Final communications.

Any inquiry of a general nature or relating to the status of this,bpplica.tion or

proceeding should be directed to the receptionist whose telephone number is..703-308.-

0861.

Mahmoud M Gimie-..
Examiner.
Art Unit 3747

M Gimie, Examiner,
November 12, 2002
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Attorney Docket No..12541US03.

IN THE UNITED;STATES PATENT AND_TRADEMARK OFFICE

PATENT APPLICATION-OF:

ALAN,B. WELCH'
)IRAWAN RAHARDJA and
MICHAEL.HEBBES

SERIAL'NO.,09/863,187

FILED': May 23,; 2001

FOR: DIRECTLY ACTUATED
INJECTION, VALVE.

Group Art Unit 3747

Examiner M. Gimie

RECEIVED
PEB 2.6 2003

TECH1NOLOGY CENTR R3700

AMENDMENT AND REQUEST FOR RECONSIDERATION

Commissioner;of Patents
Washingt'on, D.C. 2023,1

Sir:

This Amendment,and Request*for'Reconsidera tion-is submitted

in-response to the Office.Action dated.November'114, 2002. -A

marked-up version of the abstract and specificationl(insertion,s

underlined; deletions bracketed) is attached as Appendix A.

Appendix B hereto'.contains the'substitute-formal draw in gs.

Appendix C hereto;:contains a version of the substitute.formal

drawings with the added reference numeral-s shown in red.

-1-
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PZ'I.CEIVED
-f[EB -26 2003

TECHNOLOGY -CENTER- R3700
THEa DRWNS

Please substitute the. five (5) sheet(s) of fobrmal drawings

containing FIG'. 1, FIG. .2, FIGs. 2a.and 2b, FIG. 3, and'FIG. 4,

respectively, for.the five (5) sheets,.of informal,drawings,

presently of record in~ the present-application.

IN THE ABSTRA T:'.

Please substitute-the following abstract for that presently

of-record 'in the-present applica'ti,on, as follows:

A directly actuated injection valve

* compries a hollow valve housin,avlemme

disposed within the hollow interior, a biasing'

mechanism, an actuator assembly and a,passive'

5 hydraulic link assembly. The valve member is

movable between a closed position and an open

position for governing the.flow of fuel*into-the

combustion chamber' of an -internal combustion

engine. The biasing mechanism, preferably a

10 spring, biases the valve member in the closed

position. The actuator assembly generates an'

opening force that.acts,lagainst the valve spring

to.open the valve.. The-hydraulic link asseby

is interposed between the valve member and,the

15 valve spring and the actuator assembly. 'The

hydraulic link assembly transmits respective

closing and opening-forces,.to the valve member.

The hydraulic.link preferably compri.ses a piston

disposed within a cylinder that is filled with a'

20 hydraulic fluid.

-2-
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IN:THE'SPECIFICATION:_/

Please amend the paragraph in the. "Cross-Refer'ence,to

Related Application(s)" section of the specification at page 1,

lines 2-13,, to read as follows.:

Cross-Reference to Related Application(s)

This application is a,continuation--in7part

of U.S. Patent ApplicationSerial No. 09/522,130,

fi"led March 9, 2000,.entitled "Directly Actuated

5 -Injection Valve"., now U.S.'"Patent No. .6,298,8'29

issued October 9, 2001..,The.'130 application

relates to and claims priority benefits.from.U.S.-

Provisional Patent Application Serial No.

60/159,791 filed*October 15, 1999, entitled

10 "Directly Actuated Injector".. The 130

application,'and the '791*application are each

incorporated herein by referenc,Ie in their,

entirety.

REMARKS C

Claims 1-41 remain pending. in.the present application..

Amendments to the Drawings

A s to the-drawing obJection set forth in'the'November 14,

2002 Office Action, five.(5),sheets of formal drawings

containing'FIG. 1, FIG. 2; FIGs. 2a-and 2b, FIG. 3,''and FIG. .4,

respectively, have been substituted for,the five',(5) sheets,of

informal drawings pre sen*tly, of' record in-the present

-3-,
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application. In the substitute drawings, reference numeral 100

has been-added to designate the corresponding 'element in FI-Gs. 1

and 2, and reference numeral,202 has been added to designate,.the.

corresponding element in FIG..2a, all as'shown in'Appendices B

and C. Applicants submit that the written description in.the

specification, taken in-combination' with the drawings as

originally filed, fully supports" the substitute drawings, and

that the substitute drawings submitted herewith overcome the

drawing objection (s) set forth in the Office-Action.

Amendments to the Abstract

The Abstract of the disclosure has been amended so as not

to exceed 150 words in length, as set forth in Appendix A

hereto., and as required in.the Office Action:'

Amendments,to the Specification

The specification has been amended to.insert/the number and

issue,date- of the patent that was granted from the application,

.Serial No. 09/522,130 filed.March 9,,-200.0, of which the.pres ent

application is a continuation- in-part.'

Claim Rejections

In the Office Action dated November 14, 2002- claims 1-41

were'rejected for.obviousness under 35 U.S'.C. §103(a) in' view of

-4**
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Kurishige U.S. Patent No. 5,630,550 (the '550 patent). .The '550

patent discloses a fuel inject-ion system that permits the use of

a hydraulic cont'rol oil as a-pressure transmitting medium in a

hydraulically actuated"injector. AtIcolumn 3, of the '550

patent, beginning at. line 25,,'Kurishige states,

It is an object of the present invention to provide a fuel injection.

system which permits. the use of hydraulic control oil as a.pressure

transmitting medium for transmitting the driving force of a

piezoelectric element to a needle-valve.

The-1550,patent thus distinguishes its fuel'inj.ection

system from prior-hydraulically actuated'injection valve

arrangements, such as the one illustrated in Figure 16 of the

'550 patent.. Like conventional fuel.injectors, however, the

fuel injector disclosed and claimed in.the '550 patent relies

upon the displacement and*dynami.c flow of hydraulic, fluid to

cause movement of the-needle valve. For example,. as shown in.

Figure..1 of the. '550 patent, when a voltage is applied,to

piezoelectric element .8, it expands and displaces hydraulic oil'

from pressure control chamber 10. The hydraulic oil flows into

cylinder 16'through inflow/outflow hole 22, -thereby. increa.sing

the -fluid pressure applied the opening pressure receiving

section 6. The '.550 patent describes the operation of this

first embodiment at column- 5,.beginning at line 48.

-5-
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:The.Ildynamic" hydraulic system of,the 1550 patent is the

same. type of conventional hydraulically actuated injection valve

discussed in the background portion of 'the present application

at, for example, page 4, beginning,at line 1.8:

Nearly all known direct fuel.injection

systems in internal combustion engines have

been hydrau lically actuated.. These systems

rely on a hydraulic fluid to provide the

force that.is needed to open-an injection

valve (or valves, when the engine comprises

a plurality of combustion chambers).

Accordingly, at typical engine operating

*speeds,,hydraulically actuated injectors

rely on rapid changes in the' hydraulic fluid

*pressure to'open and close the inJection

valve(s).. An injection valve is typically

opened by incr6asing the hydraulic flui,

pressure and closed by reducing the

hydraulic fluid pressure, such that the

opening force' applied to the, injection valve

*is reduced, causing the valve to.clos,e.

Aowever,.in the context of a conventional

gaseous injection valve, hydraulic operation

presents several drawbacks, including:

delayed response of the system

caused by time delays associated

with'the dynamic flow of the

hydraulic fluid, the actuation of',

* *the electronic hydraulic valve

-6- )
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hardware and the movement of,the

* needle that'controls.gas flow from

the injection valve.

Moreover, .the degree of controllability

of the movement of the injection valve-is

low when-the motive.force is provided by a

*pressurized fluid rather than by a directly

controllable 'source. In this respect, it is

difficult to control lift, resulting.in

limited,lift.,control capabilities when using..

..hydraulitally actuated injection valve with.

a double-spring configuration. Therefore,

it is desirable to avoid the use of

hydraulics to operate gaseous fuel

inj ect.ors, particularly for.high-speed

engines.

A conventional, "dynamic".hydraulic,system, which relies.

.upon the.'flow,of hydraulic fluid to actuateta'needle' valve, is

structurally and.-functionally distinguished from the applicants'

"lpassive"l hydraulic link.* In a "Idynamic"''hydraulic system,:the

hydraulic fluid.does not "act'substantially as\,a solid with the.

thickness being substantially constant while' the.-Actuat.or

assembly.is actuated", as recited in claim-l1.(subpara graph (e)),

because the hydraulic.fluid must flow from one chamber to

another to cause needle movement. This is.even acknowledged in

the Office Action itself: "Kushige, et al, does not teach [that]

the pressure.transmitting fluid acts substantially as a solid"."1

-7-
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The Office Action cited the description of preferred

viscosity,in the '550 patent as suggesting "that the fluid acts

substantially.as a so1 idll. To the contrary,.the '550 patent

discloses an apparatus that relies upon the flow of hydraulic

'oil as a liquid from.one chamber to.another chamber in order

move the valve needle between,closed and open positions_ The

'550 patent describes the preferred viscosity of the hydraulic

oil at, for example, column 6, beginning at line 32 (emphasis

added):

The pressure transmitting medium is'required to have a low

saturated vapor pressure even under high temperature to control

the generation of bubbles. Further,-the medium provides

lubrication'for the needle valve 4 to move as well as it transfers

pressure; therefore, the medium is also required to exhibit stable

lubricating property for the needle,valve 4 to move smoothly, i.e.,

stable viscosity coefficient against temperature changes. For these

reasons, the liquid used for .the pressure transmittins! medium

should be a lubricant such as envaine. oil and, fZar oil or

hydraulic oil for a hydraulic circuit which do not reach the

saturated vapor pressure at 20O.degree. C. and atmospheric

pressure to survive the operating temperature of the internal-

combustion engine and which have good lubricating prope,rty..

* By employiny, the enjZine oil. gear oil, or the hydraulic

oil for a hydraulic circuit, the occurrence of bubbles in the

pressure transmitting medium filled in the pressure control

chamber 10 can be prevented and therefore the deterioration in the

N -8-
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pressure transmitting characteristic can be prevented even. when,

for example, the ambient temperature reaches 1 50.degree. C. to

200.degree. C. from continuous operation in an automotive

internal-combustion engine.'Moreover, an, increase in the viscosity

coefficient of the pressure transmitting medium can be controlled

and the lubricating property, can be maintained to 'ensure smooth

* operation of the piston 9 and the needle valve 4 even if the ambient

temperature goes,down to -30.degree. C. or less at the-time of

* . startup in a cold region.

Applicants therefore submit that the '550 patent cannot be

interpreted as disclosing or suggesting that the hydraulic oil

acts'as a solid when the valve "needle 'is actuated. Rather' the

description of preferred viscosity in-the,1550 patent simply

states.that the hydraulic oil must be suitable to avoid the

formation- of bubbles and to provide-,f"avorable lubricating

properties over,.a broad range-of temperatures.

A'major difference between,,a "dynamic" hydraulic system and

*a."passive"-hydraulic system.is-the presence in.-dynamic

hydraulic systems of.,fluid passages .that,allow.,the. hydraulic

fluid to.,flow during an act-uation event. (that i*s, inflow/outflowA

hole 22 in Figr fhh 50ptnt)- In passive'hydraulic

systems like the applicants', the-.hydraulic oil is substantially

contained, thereby avoiding-t.he flow of:hydrau,lic fluid durin'g

an actuation event-when the valve member'is,moving from a-closed

-9-.
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position, tO an open position. As set,forth.in the present

appliqation at page 41, beginning at line 21, forieXample:

As previously discussed, because valve

actuation occurs suddenly,(on the,order.-of

200 j.s), hydraulic fluid.'164b does not have

time to flow through the narrow clearance

gap between pistgn 114b and hydraulic

cylinder 160. Instead, hydraulic fluid .164b

acts as a solid and transfers the movement

of magnetostrictive member 130 to valve

member-114 via piston 14b,.causing valve

member 114 to.,lifE away from valve.seat 112.

Because injection-valve 100*.stays open for

such-a brief period'(typically less than 3

milliseconds) , as long as the viscosity-of

hydraulic fluid 164 is,properly selected and

the C*learance gap is suitably 'sized, the.

flow of hydraulic~ flui.d 164 through the

clearance gap,i, hile injection valve 100 is

open is insignificant'so that any

displacement caused by.such flow is.much~

less than the total displacement of valve

member 114.

As. to the .method claims-pending in,the p.resent.application,

the Office Action cited Figures 8A-8C.and 13A-13B of the '550

paten't,as the basis for rejecting'those claims., The '550

patent's method for controlling an.injection valve employs a

piezoelectric actuator and a needle. element, that moves inward

-10-
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from the nozzle'tip to,open'. The '550 patent 'describes and

illustrates'an."undesirable nonlinear relationship-bet,ween a set.

valve opening.period of time and an actual valve opening period

of, time.i Figure 8A shows a difference betwe6n the desired "set'

valve opening period of time T11",and the "actual valve.opening'

period of time T2", thus supporting the applicants'.submission

that a characteristic.of conventional hydraulically-actuated

injection valves*is a delay associated with the dynamic flow.of

hydraulic fluid. Figure 8A also shows a "bounce"' effect.when

tesopr4a,collides with the dylinder main body (immediately

after. time T1) and when.the needle.valve 4 collides with the

nozzle (immediately after-time T3) . Figures 8B and SC of the'

'1550 patent illustrate alternative strategies for controlling

displacement of the'needle valve with the 6bjective'of'avoiding

needle bounce by closing the,valve immediately.following\the.

collis'ion betweent stopper'4a, and-cylinder main-body 41, (Figure

SB),,.or by starting to close.the ne.edle valve immediately

preceding collision between stopper 4a and, cylinder main body 41

(Figure SC) . Figures 13A and'13B,of the '550 patent show

Kurishige's preferred strategies for controlling applied voltage-

and displacement of a piezoelectric element.

The problem addressed and illustrated by Figures SA-8C of

the '1550 patent is,needle bounce and controlling the duration o f
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the injection event. Such problems are typically associated

with-hydraulically actuated injection. valves, and the method of,

the '550 patent overcomes those problems as follows:

[The] step-up rate of the driving voltage applied to the

piezoelectric element 8 is decreased immediately before the

completion. of the valve opening operation.and the -step-downi rate

is also decreased immediately before completion of the valve

closing operation.

(Column. 15, lines 8-43'.) The objective.of*the '550 patent.is

thus-to slow down the needle to avoid needle bounce when the

.inward moving needle strikes.the needle stopper.

The applicants' claimed technique differs'markedly from

that disd losed in the '550 patent because of their important

structural differences. Unlike the '550 patent's injection

valve,.the appli.cants' claimed injection valve employs a valve

member that moves outwardl.y from the nozzle tip to the open

Position. The applicants' claimed directly actuated injection

valve therefor'e contains'no feature that corresponds to.stopper

4a in' the '550 patent. The valve element of.the '550 patent

moves between a closed position and an open position defined by

the needle stopper. In the applicants' claimed technique, the

.,movement of the valve..member is defined by the controllable

length of the actuator, and not'by a stopper. For example,.in

-12-
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FIG. 4 of the present application, wav6form A depicts an

injection,ev'ent with a larger valve member displacement'than the

injection event represented by waveform C. In'the outward

opening arrangement disclosed and claimed in the embodiments

described in the present application, *a mechanical stopper is

not necessary to limit the travel-of the valve member',-so there

is no problem with.."bounce".due to. dollision 'of the actuated

part with the stop upon opening the injection valve. In closing

the applicants'-.injection'valve, a negative -current can be

applied"~to rapidly contract the dimens.ionally-r'esponsive

,actuator, followed by the application of a positive current

immediately before'the valve member is seated in the closed

position.

Because the applicants' claimed actuator is used to,control

the "!lift" of the valve member,, claim 36, for example, in

.subpar~agraph (a), defines the claimed method as comprising:

initiating an.-injection'event by rapidly

increasing current to a magnitude that.1is

*known to correspond 'to a desired lift.

In the '550 patent, current is not..conttolled in this way

because the needle stopper controls the degree of.lift-at a

fixed constant.'

-13-
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As t Io.the concerns regarding common ownership set forth in

pa ragraph-4 'of the October 24, 2002 Office Action, appDlicants

confirm that the subject matter of the Various claims pending in,

the present 'application was common]4r owned at the time they

inventions covered the re in' were made.

In view 'of the foregoing amendments and remarks, 'applicants'

submit that claims 1-41 are allowable. The,Examiner''is invited

to- telephone the applicant's undersigned attorney at. (312) 77 5_

8123 if any unresolved.matters remain.

Please charge any f,ee.s incurred in connection with this

submission"to Dep'osit Account No. 13-0017.

Respectfully submitted,

Robert W. Fiesefer:
Registration No., 31,826
Attorney,for Applicants

MCANDREWS, HELD'&:MALLOY, LTD.
500 West Madison Street, 34th Floor
Chicago, Illinois 60661
Telephone (312) 775-8000.
Facsimile (312) 775-8100

Dated:.- vA- e4O

-14-

I hereby' certify that, this correspondence is b.,g
deposited with the United States Postal Sr eas
first class-mil in an envelope addressed W: Commls-
sionerof)aet and Traeak,Wsigo,D.,C.
20231, on- k4~ZiLQL.

Date of Deposit

ROBERT.W. FIESFEIER
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Examiner.M. Gimie

APPENDIXkA

MARKED-UP VERSION SHOWING, AMENDMENTS MADE

The'Abstract has been amended as follows:

A directly actuated injection valve'

comprises a,,hollow valve housing, a valve member

disposed within the hollow interior, a-biasing

mechanism, an actuator assembly and a passive,-

5 hydraulic link assembly.,, The valve member is

movable between a closed position and an open

position for governing the flow of fuel into the'

combustion chamber 'of an.internal combustion

engine. ..The biasing mechanism, preferably a

10 spring, biases the valve member in the:closed

position., The actuator assembly generates-an

opening force-that acts against the valve spring

to open the valve. The hydraulic link assembly

is interposed between. the valve member and the

15 valve spring and the*actuator assembly. The

hydraulic link assembly,transmits'*respective

closing and opening forces, to the valve member.

The hydraulic-link preferably comprises a.piston.

disposed within a cylinder that is filled with a

'20 . hydraulic 'fluid..).'(The opening and. closing forces

are transmitted through a thickness of the

hydraulic fluid that is trapped between the

-15- V
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I

planar surfaces of the piston and the head and

base of the hydraulic cylinder.]

The paragraph ih-the "Cross-Reference to Related

Application(s)" section of the specification at page 1, 'lines 5-

16 has been amended as follows:-

Cross--Reference to Related Application(s)

This application-is, a continuation-in-part

of U.,S. 'Patent Application Serial. No. 09/522,13 0

filed March 9, 2000, ent.itled.'".Directly,,Actuated.

5 Injection Valve", now-U.S. Patent No. .6,298,829

issued October 9, 2001.' The '1130 applicatlion

relates to and claims-priority benefits from U.S.

Provisional Patent Application Serial No.

60/159,791 filed October 15, 1999,1 entitled

10 "Directly Actuated Inj ec tor".1 The '130

application'.and the.'791 application are each

incorporated her~ein by reference in their

entirety.
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ATTACHMENT B
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RECEIVED
FEB 26 2003

TECHINOLOGY CENTER R3700

-17-

Petitioner Ex. 1002, p. 144
                   Robert Bosch et al v. Westport

                    IPR2023-00293



1/5

FIG. 1.

66

too.

Petitioner Ex. 1002, p. 145
                   Robert Bosch et al v. Westport

                    IPR2023-00293



RECEIVED
FEB 2.6 2003

TECHNOLOGY. CENTER R3700.

Petitioner Ex. 1002, p. 146
                   Robert Bosch et al v. Westport

                    IPR2023-00293



E s
6

~t~l't~
'4

2/5

164a

116

102

FIG.,2

Petitioner Ex. 1002, p. 147
                   Robert Bosch et al v. Westport

                    IPR2023-00293



r-"ECEIVED
FEB2 6 2003

TECHNOLOGY CENTER R3700

Petitioner Ex. 1002, p. 148
                   Robert Bosch et al v. Westport

                    IPR2023-00293



3/5

203-

F IG. .2*a

205

FIG. 2b-

102

180.

102.

Petitioner Ex. 1002, p. 149
                   Robert Bosch et al v. Westport

                    IPR2023-00293



TECHNOLOGY CENTER R3700

Petitioner Ex. 1002, p. 150
                   Robert Bosch et al v. Westport

                    IPR2023-00293



4/5

108

104

106

112

FIG.

Petitioner Ex. 1002, p. 151
                   Robert Bosch et al v. Westport

                    IPR2023-00293



FEB26 2003

I&NOLOWETER R37C

Petitioner Ex. 1002, p. 152
                   Robert Bosch et al v. Westport

                    IPR2023-00293



\?E S

0

1~ra Th~

5/5

B

(N

F

C

I-' \
'I

\. /

F-IG. 4'

(+)

15

14

TI ME

D

Petitioner Ex. 1002, p. 153
                   Robert Bosch et al v. Westport

                    IPR2023-00293



RECEIVED
FEB 2 6 2003'

TECHNOLOGY CENTER R3700

Petitioner Ex. 1002, p. 154
                   Robert Bosch et al v. Westport

                    IPR2023-00293



r?aOT Jc7,I
Attorney Docket No.. 12541US03

Serial No. 09/863-,187

*Alan B. Welch et.al.
Group Art Unit 3747

Examiner M. Gimie

ATTACHMENT C

SUBSTITUTE FORMAL DRAWINGS WITH

ADDED REFERENCE NUMERALS SHOWN IN RED

RE5CEIVED
EB2 6 2003

TECHNOLOGY CENTER R3700

-18-

Petitioner Ex. 1002, p. 155
                   Robert Bosch et al v. Westport

                    IPR2023-00293



FaB 2 12003-~

cc4 &(~I~~)

85751*38

1/5
100

66

FIG.1

Petitioner Ex. 1002, p. 156
                   Robert Bosch et al v. Westport

                    IPR2023-00293



I

RECEIVED
FEB 2. 6 2003

TECHNOLOGY CENTER R3700

Petitioner Ex. 1002, p. 157
                   Robert Bosch et al v. Westport

                    IPR2023-00293



2/5

1 64.a_

116

FIG. 2-1

14b

160.

&

Petitioner Ex. 1002, p. 158
                   Robert Bosch et al v. Westport

                    IPR2023-00293



.1

p~EO~VE
2 ~

Petitioner Ex. 1002, p. 159
                   Robert Bosch et al v. Westport

                    IPR2023-00293



0 q~ ~CD~I~'Ah1

3/5

102

180

203-

FIG.. 2a

205

FIG.,2b

102

Petitioner Ex. 1002, p. 160
                   Robert Bosch et al v. Westport

                    IPR2023-00293



RECEIVED
FEB 26 2003

TECHNOLOGY CENTER R3700

Petitioner Ex. 1002, p. 161
                   Robert Bosch et al v. Westport

                    IPR2023-00293



4/5

108

..166
362

1. 4b

168
314

180

FIG. 3

Petitioner Ex. 1002, p. 162
                   Robert Bosch et al v. Westport

                    IPR2023-00293



RECEIVED
FEB 26 2003

TECHNOLOGY CENTER R3700.

Petitioner Ex. 1002, p. 163
                   Robert Bosch et al v. Westport

                    IPR2023-00293



o'i, ~(~L~1

5/5

B

V

C

FIG. 4

12)

z A

15

0

14

E

\
/

/
TIME .

Petitioner Ex. 1002, p. 164
                   Robert Bosch et al v. Westport

                    IPR2023-00293



V - -

..RECEIVED
FEB 2 6 2003

TECHNOLOGY CENTER R3700

Petitioner Ex. 1002, p. 165
                   Robert Bosch et al v. Westport

                    IPR2023-00293



Transaction History Date 2 OV 6 0Ob -7
Date information retrieved from USPTO Patent

Application Information Retrieval (PAIR)
system records at www.uspto,-.gov

Application No. . Applicant(s)

Notce A t"09/863,187 WELCH ET AL.
olowa ilityExaminer . Art Unit

Mahmoud M Gimie. 3747

-- 'The MAILING DA TE of this communication appears on the cover sheet with the correspondence address--
All claims being allowable, PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED in this application. If not included
herewith (or previously mailed), a Notice of Allowance (PTOL-85) or other appropriate communication will be mailed in due course. THIS
NOTICE OF ALLOWABILITY IS NOT A GRANT OF PATENT RIGHTS. This application is,subject to withdrawal from issue at the'initiative
of the Office or upon petition by the-applicant. See 37 CFR 1.313 and MPEP 1308.

1. This comm unication is responsive to amendment filed on 2/21/03.
2. The allowed claim(s) is/are 1-4 1.
3. The drawings filed on'21 -Februa,v' 2003,are'accepted by the Examiner.
4. El Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 1 19(a)7(d) or (f).

a) E All b) E Some* c) El None''.othe:
1.E Certified cbpies.of the priority documents have been received.
2. E Certified copies of the priority documents have been received in Application No.___
3. E Copies of the certified copies of the priority documents have been received in this national stage application from the

International Bureau (PCT Rule 17.2(a)).

*Certified copies not received:___
5. ~Acknowledgment is made. of a claim for domestic priority under 35 U. S. C. §1-19(e) (to a provisional application)..

(a) E The translation of the foreign language provisional application has been received.
6. El 'Acknowledgment is.made'of a claim for domestic priority under 35 U.S.C. §§ 120 and/or 121.

Applicant has THREE MONTHS FROM.THE "MAILING DATE" of this communication to file a reply complying with the requirements noted
below. Failure to timely comply will result in ABANDONMENT of this application. THIS THREE-MONTH PERIOD IS NOT EXTENDABLE

7. E A SUBSTITUTE OATHOR DECLARATION must be submitted. Note the ata'che.d EXAMINER'S AMENDMENT or NOTICE OF
INFORMAL PATENTAPPLICATION (PTO-152) which gives reason(s) why the oath or declarationis deficient.,

8. El CORRECTED DRAWINGS must be submitted.
(a) El including changes required by the Notice of Draftspeprson's. Patent Drawing Review( PTO-948) attached

1) El hereto or 2) El to, Paper No. __

(b) El including. changes required by the proposed drawing correction filed ___ which has been approved by the Examiner.
(c) El including* changes required by th e attached Examiners Amendment /.Comment or in the Office action'of Paper No.___

Identifying indi cia such as the application number (see 37 CFR 1.84(c)) should be written on the drawings In the top margin (not the back)
of each sheet. The drawings should be filed as a separate- paper with a transmittal letter addressed to the Official Draftsperson.

9. F-1 DEPOSIT OF'and/or INFORMATION about the deposit of BIOLOGICAL MATERIAL must be subMitted. Note the
attached, Examiner's comment regarding REQUIREMENT FOR THE DEPOSIT OF BIOLOGICAL MATERIAL.

Attachment(s)

1F71 Notice of References Cited (PTO-892) . 2El Notice of Informal Patent Application (PTO-152)
3E -Notice of Draftperson's Patent Drawing Review (PTO-948) 40l Interview Summary (PTb-413)','Paper No.
5El Information Disclosure Statements (PTO-1449), 'Paper No._. 6El Examiner's Amendment/Comment
7E7 Examiner's,Comment 'Regarding Requirement for Dep6'sit .80 Examiner's Statement of Reasons for Allowance

of Biological Material .. 9El Other

U.S. Patent and Trademark Office

PTO-37 (Rev. 04-01) ,. Notice of Allowability Part of Paper No. 7

Petitioner Ex. 1002, p. 166
                   Robert Bosch et al v. Westport

                    IPR2023-00293



Application/Control Number: 09/863,187 Pg
Art Unit: 3747

REASONS FOR ALLOWANCE

1. The following is an.examiner's statement of'reasons for allowance:

The primary reason for allowance of claims 1-,29,36'and 41lis the,inclusion of-the

limitations of

"A hydraulic link assembly comprising'a passive hydraulic link having a hydraul.ic fluid
thickness through which said opening and closing forces are transmitted, whereby said
hydraulic flu id acts substantially as a solid with -said thickness being substantially
constant while said actuator assembly is actuated and wherein said thickness of said
hydraulic link is adjustable while said actuator assembly is not actuated. in response to
ch'anges in the dimensional relationship. between components of said injection valve to
~maintain a desired valve lift upon actuation of said actuator assembly.". indcaim .1;

"A hydraulic link assembly comprising a fluidly sealed hydraulic cylinder disposed
about said piston portion of said valve member, a hydraulic fluid disposed within said
hydraulic cylinder, wherein said opening and closing forces applied,to said valve
member are transmitted through a thickness of said'hydraulic fluid w hereby-said
hydraulic.fluid acts -as a hydraulic link and said thickness" is. automatically adjustable in
response to changes in the dimensional relationship between components of said
injection valve to maintain a desired valve'lift upon actuation of said actuator
assembly." In claim-29;

".'Initiating an- injection event by rapidly increasing current to a'magnitude that is known
to correspond to a' desired- lift by applying high frequency voltage cycles and in ea :ch
cycle, maintaining a net positive voltage;. concluding an,,injection event-by decreasing
current until it is reduced to zero amps by-applying high frequency voltage cycles and
in\each cycle maintaining a net negative voltage.", in.claim 36;,anhd

"Said passive hydraulic linkicomprising a hydraulic cylinder which ho uses a piston and
is filled with a hydraulic fluid, wherein said hydraulic fluid forms a layer between said
pi ston and a cylinder head and because of the short-duration that said valve is open,
said.hydraulic fluid does not have time to flow from one side of said piston to the other
side and while said injection valve is open, said layer of hydraulic fluid acts as an-
incompressible -solid so that movement caused by the actuation of said dimensionally
responsive member is -transmitted through said fluid layer" in claim 41 that the prior art-
of record neither taught nor suggested..

Any comments considered necessary by applicant must be-submitted no later

than the payment of the. issue fee and, to -avoid processing delays, should, preferably
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Application/Control Number: 09/86.3,187 Page 3

Art Unit: 3747'

accompany the issue fee. Such submissions should. be clearly labeled "Comments on

Statement"of Reasons for Allowance.

Any inquiry concerning this.communication or earlier communications from the

examiner should be directed to, Mahmoud M Gimie whose telephone number is 703-

305-1037., The examiner can normally be reached on 7 a.m. -3:301 p.m

If attempts to reach'the examiner by telephone are unsuccessful,' the examiner's

supervisor,. Henry Yuen can be reached on 703-308-1946. The fax phone.numbers for

the organization where -this application or proceeding is assigned are 703-872- 9302 for

regular communications and 703-872-9302 for After Final communications.

Any inquiry of a..general nature or relating to the status -of this application or

proceeding should be directed to the. receptionist whose telephone number is 703-308-,

-0861.

Mahmoud M Gimie

Examiner

M Gimie; Examiner
March 6, 2003
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Ui Issue Fee U L A check in the amount of the fee(s) is enclosed.

Li Publication Fee U Paymen~t by credit card. Form PTO-2038 is attached.
The ommssineris erey-athoize bycharge the required fee(s) or credit any overpayment, to

iAdvance 0Order - #of Copi es D_______ieommissicountNmer sheebeathraedbyextra copy of this fonrii).

Commnissioner for Patents is requested to apply the Issue Fee and Publication Fee (if any) or to re-apply any previously paid issue fee to the application identified above.

(Authorized Signature) (Date)

NOTE; The Issue Fee and Publication Fee (if required) will not be accepted from anyone
other than the applicant;~ a registered attorney or agent; or the assignee or other.party in
interest as shown by the records of the United States Patent and Trademark Office.

This collection of information is required y 37 CFR .311. The infonination is required to
obtain or retain a benefit by the pub lie which is to file (and by'i the USPTO to process) an
application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1. 14. This collection is
estimated to take 12 minutes to complete, including gathering, prepaning, and submitting the
completed application form to the* USPTO. Ti me will vary depending upon the individual
case. Any commuents on the amount of time you .require to comp letc this fonts and/or

suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S.
Patent and Trademark Office, U.S. Department of Commerce, Washington, D.C. 2023 1. DO
NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO:
Commuissioner for Patents, Washington, DC 2023 1. (
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a
collection. of inforniation unless it displays a valid OMB control number.

TRANSMIT THIS FORM WITH FEE(S)

PTOL-85 (REV. 04-02) Approved for use through 01/31/2004. 0MB 0651-0033 U.S. Patent and Trademark Office; U.S.: DEPARTMENT OF COMMERCE
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UNITED STATES PATENT AND) MIADEMARX OFFICE
UNITED STATE' DEPARTMNT OF COMNMERCE

Adrtstp COMMISSIONER OF PATENTS AND TRADEMARKS
Washington, D C. 20231
www.ll.qpt,n.ov

APPLICATION NO. FILING DTE FIRST NAMED INVENTOR ATRE OKTN. CNIMTO O

09/863,187 05/23/2001 Alan B. Welch 12541US03 2084

7590 03/07/2003

Robert W. Fieseler
McAndrews, Held & Malloy, Ltd.
34th Floor

-500 West Madison Street
Chicago, IL 60661

EXAMINER

GIMIE, MAH-MOUD

ART UNIT PAPER NUMBER

3747

DATE MAILED: 03/07/2003

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b)
(application fled on or After May 29, 2990)

The patent term adjustment to date is 107 days. If the issue fee is paid&on the date that is three months after the
mailing date of this notice and the,patent issues on the Tuesday before the date that is 28 weeks' (six and a'hlf
months) after the mailing date of this notice, the term adjustment will be 107 days.

If a continued prosecution application (CPA) was filed in the above-identified application, the filing date that
determines patent termn adjustment is the filing date of the -most recent CPA.

Applicant will be able to obta 'in more detailed information by accessing the Patent Application Information Retrieval
(PAIR) system. (http://pair.uspto.gov)

Any questions regarding the patent term extension* or adjustment determination should be directed to the Office of
Patent Legal Administration at (703)305-1383.
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NTDSTATES PATENT AND 7kAJDEMARK OFFICE

APPLIbATION NO. FILING DATE FIRST NAMED INVENTORI ATTORNEY D0CKET NO. CONFIRMATION NO

09/863,187 05/23/2001. Alan B. Welch 1254 1US103 2084

7590 01/07/2003

Robert W. Fieseler
tMcAndrews, Held & Malloy, Ltd.
34th Floor
500 West Madison Street
Chicago, IL 60661
UNITED STATES

EXAMINER

GIMIE, MAHMOUD

ART UNIT -T PAPER NUMBER

3747

DATE MAILED: 03/07/2003

Notice of Fee Increase on January 1, 2003

If a reply to a "Notice of Allowance and Fee(s) Due" is filed in the Office on or after January 1, 203 hnth

amount due will be higher than that set forth in the "Notice of Allowance and Fee(s) Due" since there will be an increase
in fees effective on January 1, 2003. 5=Revision-Qf Patent and1 Traderk Feesfor Fiscal Year 203s Final Rule, 67. Fed.
Reg. 70847, 70849 (November 27, 2002).

The current fee schedule is accessible from: http://Www.uspto,.gov/main/howto fees,.htm.

If the issue% fee paid is the amount shown on the. "Noticeof Allowance and Fee(s).Due," but not,the correct amount'
ijin. view of the fee increase, a ."Notice .to Pay Balance of Issue Fee" will be mailed to applicant. In~ order to avoid

processing delays associated with mailing of a "Notice to Pay Balance of Issue Fee,",if the response to the Notice of
Allowance and Fee(s) due form is to be filed on or after January 1, 2003 (or mailed. with 'a certificate of -mailing on or
after January 1, 2003), the issue fee paid should be the, fee that is required at the time the fee is paid. If the issue 'fee was
previously paid,* and the response to the "Notice of Allowance and. Fee(s) Due" includes a request to apply a
previously'paid issue fee to the issue fee now due, then the difference between the issue fee amount- at the time the
response is filed and the previously paid issue fee should be paid. _ Manual of Patent Examining Procedure, Section
1308.01 (Eighth Edition, August 200 1).

Questions relating to issue and publication fee payments should be directed to the Customer Service Center-

of the Office of Patent Publication at.(703) 305-8283.
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PART B - FEE(S) TRANSWITAL

Complete mWd send this fonis, togetlier vid& applicable fee(#), to: BWi Box ISSUE FEE
Commlswn for Patents
Wasddngtoj4 D.C. 20231

ANTTNSIMM : TIs Mf om S~ eusimforthaumitting the ISSUE ME =d-UCATIONFEE Qff-r-K _4Bocs1 hougb 4 should be completed where
apopite. A -fu-iercoreponwcw ncuigtkmaet dvneodI M fminac e m ilbailed, to the cumet correspondencer.address asunictd less cogrected below ordkrecfted ohiwise in Block 1, by (a) specfyig a new correspondence addfress-aAVdor (b) indicating a. separate *FEE ADDRESS" for

mainefoTe notifteations.
LKiLLXVWI W~J. LJ ~ Dh7UEPW3 iimUC~W Note: A caftificate ofmadmng ca only be used for domestic &alnS or the

7M9007= h3.Fe0(0)TrusWUilL TMisceficateccnt be used for any other
-Pt Bb &"eal stchas as=uwMersnt or

Robert W. Fieseler \, &'wn h 'soz iR&1n gor transission.

McAr;drews, Held & Malloy, Ltd. Cerdfiate of Madkgeor Transmission
34th Floor 0I*hbY cati& hat this Fgs)Trszmltta is bng stdwth the
500 West Madisonl Street Us' nitedotesPsalevice withsuffie ost for f~as~ inLan
Chicago, IL 60661 ftsimaltd to the USPTO, on (beJMtmfnicMled below.

March(Dole)

APPUCATIN NO. FMJNG*DATM'.3MSTNAA WYC 7MEDWNY DWCMT NO. CONFIUMATION NO.

091863,187 s 05/23/2001 Ahn B. Welkh 12541US03 2094
TITLE OF IVENTION: DMRECTY ACTUATEDINDUEM'ON VALVE

APMLN. TYPE j SMALL EN47YM =SUEMFEEPUBSICATI[ONnFEE FW PES) DUE j DATE DUE
u0onProvisional NO S1300 3W <S1600 06/09/2003

EXAMINER

GSM, MAF0MOUD
1_ ARTuNIT j aA&sacAs

3747 123-467000

1.' hagof correspOndence address or indication of 'Fee Ad es (37 '2.Fopntgontepn±fs ae,lt() Mc drw H d&
CFR 1363). the~d names of up to 3reis w -4 paomit attorneys M n y .d

U Change of correspondence address (or amge of com4awponcnce or agents OR, ashcmutively, (2) tbe'nna of aI-a ay Tt ,
Address forrm PTOISB/122) ttacbed snglefirm Qw(Ang as a memlber a registered 2

atiamney Or agent) and th names of up to 2
U "Fee Address" indication (or "Fee Address" Indication form registeed patent attorneys or agents. If no name
PTO/SB/47; Rev 03-02 or more recent) attached. Use of a Co"steur i itd,n u wl eprne3
Numbertis required.

3. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRRNTED ON THE PATENT (print or t"p)
PLEASE NOTE: Unless an assigl is identified below, no asn e daftwiill apper on the patent. Inclusion of assigne dama is onlaprpat when an assignment has
been previously submitted to diUSMT or is being submided viier separats e ve. Compledion of th iwums NOT a substitute for flgan assigument.
(A) NAME OF ASSIGNEE (B) RESIDENCE: (CrIT and STATE OR COUNTRY)

Westport Research Inic. Vancouver, BC, Canada

Please check the appropriate assignee category or categoies (wiH Wo beprinted on the patent
4a.;rhe following fees) are enclosed:

DIssue Fee
.U Publication Fee
U Advance Order - # of Copies

Ulindiidual)Dcoqwoation orotharprivAcegroup entity LUgovcnunent_
*4b. Payment of F*9():
L A check in the amount of the fee(s) is enclosed.
U Paymntby credt card. Form PTO-2038 is attached.
lTAeCOMMissioner isohvo by chaMge the.required f*es), or credit any overpayment, to'DeposlAceintNrnnier--(enclos'aneoft*acopy of this form).

Commissioner for Patents is requested to aplthetIssue Fee and Publication Fee (if any) or to rea-pply any previously paid issue fee to the ap plication identified above.

aplcn;argistaredat orney or theAMAeor other py n 04/07/2003 SSITHI82 00000087*09863187
inerest as shown 'y the recorti of The U nited Sae fk

This collection of iffommdon is reZIre 7 CMY 1.311. 79e m obn is zequmemt 01 MC15O1 130. 00 OP
obtain or retain,a benfit by the p licwhsias to file (amd by teUSPTO to process) an 02 FU1504 300.00 OP

liain.C gomil*i veied by -35 U.S.C. 122 and 37 CM~ 1. 14. ThsIsedcidn is
ttae1 n,tsto iMc?VagLduIsubmittaiing ande

compkAted application formte Thme vary d V;Qn.im imup ndivaW~
case. "M=qzAny comments on theamowntof teyurqeto Ilds form th No
suggstio'ns for reduwing this WYrW4 somuId-bensent oTeCbief flminOffim US
PaClt and Trada&arOffim ~U.S. Dptatof CnmreDWahnm.DC. 2023 1. DO
NOT SEND FEES OR COMPLM FORMS TOTHSADES SEND TO:
Commissioner for Patents, Washing%Mn DC 2023 1.
Under the Papcrwork Reduction Act of I"S, no pi s"s ae rqie to respond to a
collection of ififormation unless it dispbys a validOuBrcontrolsalir
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File History Content Report

The following content is missing from the original file history record obtained from the

United States Patent and Trademark Office.  No additional information is available.

Document Title  -     USPTO Communication Re: Change of Address  
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PATENT APPLICATION FEE DETERMINATION RECORD
Effective October 1, 2000

]Application or Docket Number

CLAIMS AS FILED - PART I
(Column 1) (Column 2)

TOTAL CLAIMS i. Iu 7j

FOR NUMBER FILED. NUMBER EXTRA

TOTAL CHARGEABLE CLAIMSmiu20* /
minu*20

IN DEPENDENT CLAIMS - minus 3 -

MULTIPLE DEPENDENT CLAIM PRESENT-

*If the difference in column 1 is less than zero, enter "0" in column 2

CLAIMS AS AMENDED - PART I1
_________ __1)__ (Column 2)3

>~ <CLAIMS ~K,HIGHEST
K<~ REMAINING NUMBER PRESENT

~19 AEDET PREVIOUSLY *EXTRA
~~.AMENDMENT- PAID FOR'- __ _

o Total * Minus *

Z
SIndependent *Minus **-

FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIMD

__(Column ___1)__Column 2) Column 3)
Ji.~ ~CLAIMS ~HIGHS

co~~Y ' REMAINING NUMBER PRESENT
S AFTER PREVIOUSLY EXTRAZ

w ~ AMENDMENT ,~ PAID FOR _____

c Total *Minus *

SIndepe ndent *'Minus **-

FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM ED

_________ __1)__ (Column 2) Cokimn 3)
CLAIMS HIGHEST

~ .~ ~1,REMAINING NUMBER PRESENT
zAFE PREVIOUSLY EXTRA

wL ______ AMENDMENT PAID FOR _____

n Total Mnu

SIndependent *Minus

FIRST PRESENTATION OF MULTI PLE'DEPENDENT CLAIMD

SMALL ENTITY
TYPE=

R .AT E IFEE

RATE

X$ 9=

X40=

ADDIT. FEE

RATE

X$ 9=

X40=:

+1 35=

TOTAL
ADDIT. FEE

RATE

x$ 9=

X40=F

+1 35=

ADDI-
TIONAL

FEE

OR

OR

OTHER THAN
SMALL ENTITY.

RATE FEE

BASIC FEEI 355.00 1IOR IBASIC FEEI 710.00

X$ 9=

X40=

+1 35=

OR X$1 8=

nm IX80=

ORI

.77 C't

OTHER THAN
SMALL ENTITY

ADD I-
RATE TIONAL

FEE

X$18=

JOR L2

ADDI-
TIONAL

FEE

TIONAL
FEE

OR

OR

OR

OR

OR

OR

OR

TOTAL
ADDIT. FEEI

RATE

X$18=

X80=

+270=

TOTAL
ADDIT. FEEI

RATE

IX$18=

OR I X80=

.,+270=
If the entry in column 1, s less than the entry in column 2; write "0" in column 3..; - OA
If the "Highest Number Previously Paid For" IN TISPCE is less than 20, enter "20." ADDIT. FEE O

***f the "Highest Number Previously-Paid For" INTHIS SPACE is less than'3, enter "3."
The "Highest Number Previously Paid For" (Total or Independent) is the highest number found in the appropriate box in column. 1.

ADD I-
TIONAL

FEE

ADDI-
TIONAL

FEE

Patent and Trademark Office, U.S. DEPARTMENT OF COMMERCE

SMALL ENTITY OR

FORM.PTO-875
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60_______
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63____ ____
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68____ ___
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73 ___________ ___
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84
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95.
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DER.

TOTAL T _ _ _
CLAIMS -MISRSM

MAY BE USED FOR ADDITIONAL CLAIMS'OR ADMENDMENI
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Family 1/1 

1 record(s) per family 

 

Record 1/1 US6575138B2 Directly actuated injection valve 

 

Title: Directly actuated injection valve 

Title - DWPI: Injection valve for injecting fuel into a combustion chamber of an IC engine, has

housing, valve member, biasing mechanism, actuator assembly and hydraulic link assembly 

Priority Number: US1999159791P | US2000522130A 

Priority Date: 1999-10-15 | 2000-03-09 

Application Number: US2001863187A 

Application Date: 2001-05-23 

Publication Date: 2003-06-10 

IPC Class Table: 

IPC Section Class Subclass Class Group Subgroup

F02M005100 F F02 F02M F02M0051 F02M005100

F02D004120 F F02 F02D F02D0041 F02D004120

F02M002102 F F02 F02M F02M0021 F02M002102

F02M004700 F F02 F02M F02M0047 F02M004700

F02M004704 F F02 F02M F02M0047 F02M004704

F02M005106 F F02 F02M F02M0051 F02M005106

F02M006108 F F02 F02M F02M0061 F02M006108

F02M006110 F F02 F02M F02M0061 F02M006110

F02M006116 F F02 F02M F02M0061 F02M006116

F02M006300 F F02 F02M F02M0063 F02M006300

 

IPC Class Table - DWPI: 

IPC - DWPI Section - DWPI Class - DWPI Subclass - DWPI Class Group -

DWPI

Subgroup - DWPI

F02M004702 (IPC

1-7)

F F02 F02M F02M0047 F02M004702 (IPC

1-7)

F02M005106 (IPC F F02 F02M F02M0051 F02M005106 (IPC

1
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1-7) 1-7)

F02M005946 (IPC

1-7)

F F02 F02M F02M0059 F02M005946 (IPC

1-7)

F02M006116 (IPC

1-7)

F F02 F02M F02M0061 F02M006116 (IPC

1-7)

F02M006300 (IPC

1-7)

F F02 F02M F02M0063 F02M006300 (IPC

1-7)

F02D004120 F F02 F02D F02D0041 F02D004120

F02M002102 F F02 F02M F02M0021 F02M002102

F02M004700 F F02 F02M F02M0047 F02M004700

F02M004702 F F02 F02M F02M0047 F02M004702

F02M004704 F F02 F02M F02M0047 F02M004704

F02M005100 F F02 F02M F02M0051 F02M005100

F02M005106 F F02 F02M F02M0051 F02M005106

F02M005946 F F02 F02M F02M0059 F02M005946

F02M006108 F F02 F02M F02M0061 F02M006108

F02M006110 F F02 F02M F02M0061 F02M006110

F02M006116 F F02 F02M F02M0061 F02M006116

F02M006300 F F02 F02M F02M0063 F02M006300

 

Assignee/Applicant: Westport Research Inc.,Vancouver,CA 

JP F Terms:  

JP FI Codes:  

Assignee - Original: Westport Research Inc. 

Any CPC Table: 

Type Invention Additional Version Office

Current

Current

Current

Current

Current

Current

Current

Current

Current

Current

F02D 41/20 

F02M 21/0254

F02M 21/0269

F02M 51/005

F02M 51/0603

F02M 51/0607

F02M 61/08

F02M 61/10

F02M 61/166
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Abstract:  

 

A directly actuated injection valve comprises a hollow valve housing, a valve member disposed

within the hollow interior, a biasing mechanism, an actuator assembly and a passive hydraulic link

assembly. The valve member is movable between a closed position and an open position for

governing the flow of fuel into the combustion chamber of an internal combustion engine. The

biasing mechanism, preferably a spring, biases the valve member in the closed position. The

actuator assembly generates an opening force that acts against the valve spring to open the valve.

The hydraulic link assembly is interposed between the valve member and the valve spring and the

actuator assembly. The hydraulic link assembly transmits respective closing and opening forces to

the valve member. The hydraulic link preferably comprises a piston disposed within a cylinder that

is filled with a hydraulic fluid. 

Language of Publication: EN 

INPADOC Legal Status Table: 

Gazette Date Code INPADOC Legal Status Impact

2021-07-16 AS -

Description:  ASSIGNMENT   WESTPORT FUEL SYSTEMS CANADA INC., BRITISH COLUMBIA   CHANGE OF NAME;

ASSIGNOR:WESTPORT POWER INC.; REEL/FRAME:056898/0199   2021-03-31 

2021-06-09 AS -

Description:  ASSIGNMENT   WESTPORT POWER INC., BRITISH COLUMBIA   RELEASE BY SECURED PARTY;

ASSIGNOR:CANADIAN IMPERIAL BANK OF COMMERCE; REEL/FRAME:056887/0499   2010-06-15 

2016-01-14 AS -

3

Petitioner Ex. 1002, p. 184
                   Robert Bosch et al v. Westport

                    IPR2023-00293



Description:  ASSIGNMENT   PANGEA TWO MANAGEMENT, LP, NEW YORK   SECURITY INTEREST;

ASSIGNOR:WESTPORT POWER INC.; REEL/FRAME:037529/0579   2016-01-11 

2014-12-10 FPAY +

Description:  FEE PAYMENT   FEE PAYMENT YEAR 12 

2010-12-10 FPAY +

Description:  FEE PAYMENT   FEE PAYMENT YEAR 8 

2007-08-01 AS -

Description:  ASSIGNMENT   WESTPORT POWER INC., CANADA   RELEASE BY SECURED PARTY;

ASSIGNOR:PERSEUS, L.L.C.; REEL/FRAME:019617/0680   2007-07-26 

2006-11-17 FPAY +

Description:  FEE PAYMENT   FEE PAYMENT YEAR 4 

2006-09-21 AS -

Description:  ASSIGNMENT   PERSEUS, L.L.C., DISTRICT OF COLUMBIA   SECURITY AGREEMENT;

ASSIGNOR:WESTPORT POWER INC; REEL/FRAME:018279/0449   2006-07-24 

2006-09-18 AS -

Description:  ASSIGNMENT   CANADIAN IMPERIAL BANK OF COMMERCE, CANADA   SECURITY AGREEMENT;

ASSIGNOR:WESTPORT POWER INC; REEL/FRAME:018260/0357   2006-07-24 

2006-08-31 AS -

Description:  ASSIGNMENT   WESTPORT POWER INC., CANADA   ASSIGNMENT OF ASSIGNORS INTEREST;

ASSIGNOR:WESTPORT RESEARCH INC.; REEL/FRAME:018184/0812   2006-08-16 

2003-05-21 STCF -

Description:  INFORMATION ON STATUS: PATENT GRANT   PATENTED CASE 

2002-03-06 AS -

Description:  ASSIGNMENT   WESTPORT RESEARCH INC., CANADA   CORRECTIVE DOCUMENT TO CORRECT THE

ORIGINAL ASSIGNMENT PREVIOUSLY RECORDED ON REEL 011943 FRAME 0881, ASSIGNOR CONFIRMS THE

ASSIGNMENT OF THE ENTIRE INTEREST.; ASSIGNORS:WELCH, ALAN B.; RAHARDJA, IRAWAN; HEBBES, MIKE;

REEL/FRAME:012679/0462   2001-12-18 

2001-06-29 AS -

Description:  ASSIGNMENT   WESTPORT RESEARCH INC., CANADA   ASSIGNMENT OF ASSIGNORS INTEREST;

4

Petitioner Ex. 1002, p. 185
                   Robert Bosch et al v. Westport

                    IPR2023-00293



ASSIGNORS:WELCH, ALAN B.; RAHARDJA, IRAWAN; HEBBES, MIKE; REEL/FRAME:011943/0881   2001-06-20 

 

Post-Issuance (US):  

Reassignment (US) Table: 

Assignee Assignor Date Signed Reel/Frame Date

WESTPORT FUEL

SYSTEMS CANADA

INC.,VANCOUVER,CA

WESTPORT POWER INC. 2021-03-31 056898/0199 2021-07-16

Conveyance:  CHANGE OF NAME (SEE DOCUMENT FOR DETAILS). 

Corresponent:  CAMERON KYLE 1750 75TH AVE W SUITE 101 VANCOUVER, BCC V6P 6G2 

PANGEA TWO

MANAGEMENT LP,NEW

YORK,NY,US

WESTPORT POWER INC. 2016-01-11 037529/0579 2016-01-14

Conveyance:  SECURITY INTEREST (SEE DOCUMENT FOR DETAILS). 

Corresponent:  ROSEANN B. CALDWELL, BENNETT JONES LLP 4500 BANKERS HALL EAST, 855 - 2ND STREET SW

CALGARY, T2P 4K7 CANADA 

WESTPORT POWER

INC.,VANCOUVER,CA

CANADIAN IMPERIAL BANK

OF COMMERCE

2010-06-15 056887/0499 2021-06-09

Conveyance:  RELEASE BY SECURED PARTY (SEE DOCUMENT FOR DETAILS). 

Corresponent:  CAMERON KYLE 1750 75TH AVE W SUITE 101 VANCOUVER, V6P 6G2 CANADA 

WESTPORT POWER

INC.,VANCOUVER,CA

PERSEUS, L.L.C. 2007-07-26 019617/0680 2007-08-01

Conveyance:  RELEASE BY SECURED PARTY (SEE DOCUMENT FOR DETAILS). 

Corresponent:  COLLEEN HOLCOMB MCDUFFIE 1600 TYSONS BOULEVARD SUITE 900 MCLEAN, VA 22102 

WESTPORT POWER

INC.,VANCOUVER, BRITISH

COLUMBIA,CA

WESTPORT RESEARCH

INC.

2006-08-16 018184/0812 2006-08-31

Conveyance:  ASSIGNMENT OF ASSIGNORS INTEREST (SEE DOCUMENT FOR DETAILS). 

Corresponent:  MCANDREWS, HELD & MALLOY, LTD. 500 WEST MADISON STREET 34TH FLOOR CHICAGO, IL 60661 

PERSEUS

L.L.C.,WASHINGTON,DC,US

WESTPORT POWER INC 2006-07-24 018279/0449 2006-09-21

5

Petitioner Ex. 1002, p. 186
                   Robert Bosch et al v. Westport

                    IPR2023-00293



Conveyance:  SECURITY AGREEMENT 

Corresponent:  STUART BARKOFF 555 TWELFTH STREET, N.W. IP DOCKETING, ARNOLD & PORTER LLP

WASHINGTON, DC 20004 

CANADIAN IMPERIAL BANK

OF

COMMERCE,TORONTO,CA

WESTPORT POWER INC 2006-07-24 018260/0357 2006-09-18

Conveyance:  SECURITY AGREEMENT 

Corresponent:  STUART BARKOFF 555 TWELFTH STREET, N.W. IP DOCKETING, ARNOLD & PORTER LLP

WASHINGTON, DC 20004 

WESTPORT RESEARCH

INC.,VANCOUVER, BC,CA

WELCH, ALAN B. 2001-12-18 012679/0462 2002-03-06

RAHARDJA, IRAWAN 2001-12-18 - -

HEBBES, MIKE 2001-12-18 - -

Conveyance:  CORRECTIVE DOCUMENT TO CORRECT THE ORIGINAL ASSIGNMENT PREVIOUSLY RECORDED ON

REEL 011943 FRAME 0881, ASSIGNOR CONFIRMS THE ASSIGNMENT OF THE ENTIRE INTEREST. 

Corresponent:  MCANDREWS, HELD & MALLOY, LTD. ROBERT W. FIESELER 500 WEST MADISON STREET 34TH

FLOOR CHICAGO, IL 60661 

WESTPORT RESEARCH

INC.,VANCOUVER, BC,CA

WELCH, ALAN B. 2001-06-20 011943/0881 2001-06-29

RAHARDJA, IRAWAN 2001-06-20 - -

HEBBES, MIKE 2001-06-20 - -

Conveyance:  ASSIGNMENT OF ASSIGNORS INTEREST (SEE DOCUMENT FOR DETAILS). 

Corresponent:  MCANDREWS, HELD & MALLOY, LTD. ROBERT W. FIESELER 500 WEST MADISON STREET 34TH

FLOOR CHICAGO, ILLINOIS 60661 

 

Maintenance Status (US):  

Litigation (US):  2021-12-15 2021 Westport Fuel Systems Canada Inc. Nissan North America,

Inc. E.D. Texas 2:21cv00455 |  2021-12-15 2021 Westport Fuel Systems Canada Inc. Mercedes-

Benz USA, LLC E.D. Texas 2:21cv00454 |  2021-12-15 2021 Westport Fuel Systems Canada Inc.

General Motors, LLC E.D. Texas 2:21cv00456 |  2021-12-15 2021 Westport Fuel Systems

Canada Inc. Ford Motor Company E.D. Texas 2:21cv00453 |  2021-12-15 2021 Westport Fuel

Systems Canada Inc. FCA US LLC d/b/a FCA Group US LLC E.D. Texas 2:21cv00457 

Opposition (EP):  

License (EP):  

EPO Procedural Status:  

6

Petitioner Ex. 1002, p. 187
                   Robert Bosch et al v. Westport

                    IPR2023-00293



Front Page Drawing: 

Priority Number - DWPI: US1999159791P | US2000522130A | US2001863187A 
Priority Date - DWPI: 1999-10-15 | 2000-03-09 | 2001-05-23 
Assignee - Current US: WESTPORT FUEL SYSTEMS CANADA INC. 
 
 
 

Copyright 2007-2022 CLARIVATE

7

Petitioner Ex. 1002, p. 188
                   Robert Bosch et al v. Westport

                    IPR2023-00293



Generated: 01/13/2022 20:23:16  P.O. Box 1450, Alexandria, VA 22313-1450 • www.uspto.gov

DIRECTLY ACTUATED INJECTION VALVE

PATENT # APPLICATION # FILING DATE ISSUE DATE
6575138 09863187 05/23/2001 06/10/2003

Payment Window Status

WINDOW STATUS FEES
11.5 Year Closed Paid

Window First Day to Pay Surcharge Starts Last Day to Pay Status Fees

3.5 Year 06/10/2006 12/12/2006 06/11/2007 Closed Paid

7.5 Year 06/10/2010 12/11/2010 06/10/2011 Closed Paid

11.5 Year 06/10/2014 12/11/2014 06/10/2015 Closed Paid

Patent Holder Information

Customer # 133599

Entity Status UNDISCOUNTED

Phone Number 6047182000

Address Westport Power Inc.
101-1750 West 75th Avenue
Vancouver, BC V6P 6G2
CANADA

No maintenance
fees are due.

Petitioner Ex. 1002, p. 189
                   Robert Bosch et al v. Westport

                    IPR2023-00293


	2001-05-23  US File History 6,575,138
	2001-05-23  Issue Information including classification, examiner, name, claim, renumbering, etc. 
	2001-05-23  Transaction History
	2001-05-23  Index of Claims
	2001-05-23  Search information including classification, databases and other search related notes
	2003-06-10  US Patent 6,575,138
	2001-05-23  Application
	2001-05-23  Specification
	2001-05-23  Claims
	2001-05-23  Abstract
	2001-05-23  Drawings

	2001-06-07  Pre-Exam Formalities Notice
	2001-06-07  USPTO Communication Re: Change of Address
	2001-06-29  Applicant Response to Pre-Exam Formalities Notice
	2001-06-26  Oath or Declaration filed
	2001-08-27  Information Disclosure Statement (IDS) Filed 
	2001-08-27  List of References cited by applicant and considered by examiner
	2002-11-14  Office Action
	2002-11-04  Non-Final Rejection
	2002-11-04  List of references cited by examiner

	2003-02-21  Amendment
	2003-02-21  Amendment/Req. Reconsideration-After Non-Final Rejection
	2003-02-21  Drawings
	2003-02-21  Abstract
	2003-02-21  Specification
	2003-02-21  Applicant Arguments/Remarks Made in an Amendment
	2003-02-21  Appendix (A)
	2003-02-21  Exhibits or Attachments (B)
	2003-02-21  Exhibits or Attachments (C)

	2003-03-07  Notice of Allowance
	2003-03-07  Notice of Allowability (PTO-37)
	2003-03-07  Notice of Allowance and Fees Due (PTOL-85)
	2003-03-07  Determination of Patent Term Adjustment

	2003-04-02  Issue Fee Payment (PTO-85B)
	2003-06-10  USPTO Grant
	2012-07-23  USPTO Communication Re: Change of Address
	2012-07-24  USPTO Communication Re: Power of Attorney
	2015-01-27  USPTO Communication Re: Change of Address
	2017-03-31  USPTO Communication Re: Change of Address
	2001-05-23  Claims Worksheet
	2022-01-13  Family and Legal Status Report – FREE
	2022-01-13  USPTO Maintenance Report



