woO 2008/063223 A2 | 1IN0 00 0 0O O

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

(19) World Intellectual Property Organization Vd”Ij

) IO O T AR 0

International Bureau

(43) International Publication Date
29 May 2008 (29.05.2008)

(10) International Publication Number

WO 2008/063223 A2

(51) International Patent Classification: Not classified

(21) International Application Number:
PCT/US2007/011445

(22) International Filing Date: 11 May 2007 (11.05.2007)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:
11/473,135 23 June 2006 (23.06.2006) US
(71) Applicant (for all designated States except US): CATER-
PILLAR INC. [US/US]; 100 N.E. Adams Street, Peoria,

IL 61629-6490 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): GIBSON, Dennis,
H. [US/US]; 1911 E. Truitt Road, Chillicothe, IL. 61523
(US). SUN, Jinhui [CN/US]J; 1404 Windham Hills Road,
Bloomington, IL. 61704 (US).

(74) Agents: ANDERSON, Mathew, P.etal.; 100 N.E. Adams
Street, Peoria, I1. 61629-6490 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA, CH,
CN, CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES,
FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, 1L, IN,
IS, JIP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK, LR,
LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW, MX,
MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO,
RS, RU, SC, SD, SE, SG, SK, SL, SM, SV, SY, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
7ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,
PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).
Published:

without international search report and to be republished
upon receipt of that report

(34)

(54) Title: FUEL INJECTOR HAVING ENCASED PIEZO ELECTRIC ACTUATOR

126

/

AN

4 112

8 ~——108
- T - 124

{ ) §

"13,0 % §V116

=1

122

112

126

130
132
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piezo element. The at least one end plate is hermetically connected to an end portion (124) of the casing.



WO 2008/063223 PCT/US2007/011445

10

15

20

25

Description

FUEL INJECTOR HAVING ENCASED PIEZO ELECTRIC ACTUATOR

Technical Field

The present disclosure is directed to a fuel injector and, more

particularly, to a fuel injector having an encased piezo electric actuator.

Background

Common rail fuel systems typically employ multiple closed-
nozzle fuel injectors to inject high pressure fuel into the combustion chambers of
an engine. Each of these fuel injectors include a nozzle assembly having a
cylindrical bore with a nozzle supply passageway and a nozzle outlet. A needle
check valve is reciprocatingly disposed within the cylindrical bore and biased
toward a closed position where the nozzle outlet is blocked. To inject fuel, the
needle check valve is selectively moved to open the nozzle outlet, thereby
allowing high pressure fuel to flow from the nozzle supply passageway into the
combustion chamber. To move the needle check valve, a control chamber in
fluid communication with a base of the needle check valve is selectively drained
of pressurized fuel to create a force imbalance that biases the needle check valve
toward the open position.

A piezo actuator is often used to drain the pressurized fuel from
the base of the needle check valve. Specifically, the piezo actuator, upon being
energized, expands to move a valve element from a first position at which
pressurized fuel is directed to the base of the needle check valve, to a second
position at which the pressurized fuel at the base of the needle check valve is
directed to a drain. Although this configuration is effective for initiating the
injection of fuel, it is critical that the piezo actuator remain isolated and protected

from the fuel and other contaminates. In particular, fuel, if allowed to contact the
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piezo actuator, can short circuit the actuator or otherwise degrade the
performance of the actuator.

One method utilized by injector manufacturers to isolate the
actuator from fuel and other contaminates is described in U.S. Patent No.
6,874,475 (the ‘475 patent) issued to Katsura et al. on 5 April 2005. The ‘475
patent describes a fuel injector for an internal combustion engine. The fuel
injector includes a piezo electric valve actuator enclosed within a housing. The
housing is made of stainless steel cylindrical bellows consisting of large-diameter
portions and small-diameter portions arrayed alternately. The bellows allow
expansion and contraction of the piezo electric valve actuator through
deformation. The housing is hermetically closed by an upper plate and a lower
plate to minimize the ingress of fuel. The upper and lower plates are used to
transfer force imparted by the piezo electric valve actuator. One of the lower and
upper plates may be formed integral with the housing to improve air tightness.

Although the fuel injector of the ‘475 patent may sufficiently
inject fuel while minimizing piezo/fuel contamination, it may be problematic and
costly. For example, because the one of the lower and upper plates and the
housing are integral, the material of both the plate and the housing must be the
same. This material, when optimized for the deformation described above, may
not be optimal for force transmission. Similarly, this material, when optimized
for the force transmission described above, may deform poorly. Components
fabricated from material that is not optimally suited for intended operations may
be prone to premature failure. In addition, because a first material used, for
example, to fabricate the housing, may have a higher cost than a second material
best suited for the plate, the integral component functioning as both the housing
and the plate, which is made of only the first material may unnecessarily increase
the cost of the fuel injector. Further, the process of fabricating this integral

housing/plate component may be expensive.
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The fuel injector of the present disclosure solves one or more of

the problems set forth above.

Summary of the Invention

One aspect of the present disclosure is directed to an actuator. The
actuator includes a piezo element, a casing, and at least one end plate. The casing
is fabricated through a deep draw process, has bellows, and is configured to
house the piezo element. The at least one end plate is hermetically connected to
an end portion of the casing.

Another aspect of the present disclosure is directed to a fuel
injector. The fuel injector includes a nozzle member, a needle check valve, and
an actuator. The nozzle member is configured to receive pressurized fuel and has
at least one injection orifice. The needle check valve is disposed with the nozzle
member and is movable between a flow blocking position at which fuel flows
through the at least one orifice, and a second position at which fuel flow through
the at least one orifice is blocked. The actuator is operatively connected to move
the needle check valve between the first and second positions, and includes a
piezo element, a casing, and at least one end plate. The casing is fabricated
through a deep draw process, has bellows fabricated through a thread-rolling
process, and is configured to house the piezo element. The at least one end plate
is hermetically connected to an end portion of the casing and is operatively
connected to the needle check valve.

Yet another aspect of the present disclosure is directed to a method
of fabricating a piezo actuator. The method includes forcing a blank against a
mold to form a cylindrical casing having an open end and a closed end. The
method also includes rotating the cylindrical casing and urging a die having a
plurality of equally spaced protrusions into a surface of the cylindrical casing to
form bellows in the cylindrical casing. The method also includes positioning a

piezo element within the cylindrical casing.
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Brief Description of the Drawings

Fig. 1 is a schematic and diagrammatic illustration of an
exemplary disclosed fuel system,;

Fig. 2 is a cross-sectional diagrammatic illustration of an
exemplary disclosed fuel injector for the fuel system of Fig. 1; and

Fig. 3 is a cross-sectional illustration of an exemplary disclosed

actuator for use with the fuel injector of Fig. 2.

Detailed Description

Fig. 1 illustrates an engine 10 and an exemplary embodiment of a
fuel system 12. For the purposes of this disclosure, engine 10 is depicted and
described as a four-stroke diesel engine. One skilled in the art will recognize,
however, that engine 10 may embody any other type of internal combustion
engine such as, for example, a gasoline or a gaseous fuel-powered engine.
Engine 10 may include an engine block 14 that defines a plurality of cylinders 16,
a piston 18 slidably disposed within each cylinder 16, and a cylinder head 20
associated with each cylinder 16.

Cylinder 16, piston 18, and cylinder head 20 may form a
combustion chamber 22. In the illustrated embodiment, engine 10 includes six
combustion chambers 22. However, it is contemplated that engine 10 may
include a greater or lesser number of combustion chambers 22 and that
combustion chambers 22 may be disposed in an “in-line” configuration, a “V”
configuration, or any other suitable configuration.

As also shown in Fig. 1, engine 10 may include a crankshaft 24
that is rotatably disposed within engine block 14. A connecting rod 26 may
connect each piston 18 to crankshaft 24 so that a sliding motion of piston 18
within each respective cylinder 16 results in a rotation of crankshaft 24.

Similarly, a rotation of crankshaft 24 may result in a sliding motion of piston 18.
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Fuel system 12 may include components that cooperate to deliver
injections of pressurized fuel into each combustion chamber 22. Specifically,
fuel system 12 may include a tank 28 configured to hold a supply of fuel, and a
fuel pumping arrangement 30 configured to pressurize the fuel and direct the
pressurized fuel to a plurality of fuel injectors 32 by way of a common rail 34,

Fuel pumping arrangement 30 may include one or more pumping
devices that function to increase the pressure of the fuel and direct one or more
pressurized streams of fuel to common rail 34. In one example, fuel pumping
arrangement 30 includes a low pressure source 36 and a high pressure source 38
disposed in series and fluidly connected by way of a fuel line 40. Low pressure
source 36 may be a transfer pump configured to provide low pressure feed to
high pressure source 38. High pressure source 38 may be configured to receive
the low pressure feed and to increase the pressure of the fuel to the range of about
30-300 MPa. High pressure source 38 may be connected to common rail 34 by
way of a fuel line 42. A check valve 44 may be disposed within fuel line 42 to
provide for one-directional flow of fuel from fuel pumping arrangement 30 to
common rail 34.

One or both of low pressure and high pressure sources 36, 38 may
be operably connected to engine 10 and driven by crankshaft 24. Low and/or
high pressure sources 36, 38 may be connected with crankshaft 24 in any manner
readily apparent to one skilled in the art where a rotation of crankshaft 24 will
result in a corresponding rotation of a pump drive shaft. For example, a pump
driveshaft 46 of high pressure source 38 is shown in Fig. 1 as being connected to

crankshaft 24 through a gear train 48. It is contemplated, however, that one or

“both of low and high pressure sources 36, 38 may alternatively be driven

electrically, hydraulically, pneumatically, or in any other appropriate manner.
Fuel injectors 32 may be disposed within cylinder heads 20 and
connected to common rail 34 by way of a plurality of fuel lines 50. Each fuel

injector 32 may be operable to inject an amount of pressurized fuel into an
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associated combustion chamber 22 at predetermined timings, fuel pressures, and
fuel flow rates. The timing of fuel injection into combustion chamber 22 may be
synchronized with the motion of piston 18. For example, fuel may be injected as
piston 18 nears a top-dead-center position in a compression stroke to allow for
compression-ignited-combustion of the injected fuel. Alternatively, fuel may be
injected as piston 18 begins the compression stroke heading towards a top-dead-
center position for homogenous charge compression ignition operation. Fuel may
also be injected as piston 18 is moving from a top-dead-center position towards a
bottom-dead-center position during an expansion stroke for a late post injection
to create a reducing atmosphere for aftertreatment regeneration.

As illustrated in Fig. 2, each fuel injector 32 may embody a closed
nozzle unit fuel injector. Specifically, each fuel injector 32 may include an
injector body 52 housing a guide 54, a nozzle member 56, a needle valve element
58, and an actuator 59.

Injector body 52 may be a cylindrical member configured for
assembly within cylinder head 20. Injector body 52 may have a central bore 60
for receiving guide 54 and nozzle member 56, and an opening 62 through which a
tip end 64 of nozzle member 56 may protrude. A sealing member such as, for
example, an o-ring (not shown) may be disposed between guide 54 and nozzle
member 56 to restrict fuel leakage from fuel injector 32.

Guide 54 may also be a cylindrical member having a central bore
68 configured to receive needle valve element 58, and a control chamber 71.
Central bore 68 may act as a pressure chamber, holding pressurized fuel that is
continuously supplied from a fuel supply passageway 70. During injection, the
pressurized fuel from fuel line 50 may be allowed to flow through fuel supply
passageway 70 and central bore 68 to nozzle member 56.

Control chamber 71 may be selectively drained of or supplied with
pressurized fuel to control motion of needle valve element 58. Specifically, a

control passageway 73 may fluidly connect a port 75 of control chamber 71 with
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actuator 59. Control chamber 71 may also be continuously supplied with
pressurized fluid via a supply passageway 77 that is communication with fuel
supply passageway 70. A diameter of supply passageway 77 may be less than a
diameter of control passageway 73 to allow for a pressure drop within control
chamber 71 when control passageway 73 is drained of pressurized fuel.

Nozzle member 56 may likewise embody a cylindrical member
having a central bore 72 that is configured to receive needle valve element 58.
Nozzle member 56 may include one or more orifices 80 to allow the pressurized
fuel from central bore 68 into combustion chambers 22 of engine 10.

Needle valve element 58 may be an elongated cylindrical member
that is slidingly disposed within housing guide 54 and nozzle member 56. Needle
valve element 58 may be axially movable between a first position at which a tip
end 82 of needle valve element 58 blocks a flow of fuel through orifices 80, and a
second position at which orifices 80 are open to allow a flow of fuel into
combustion chamber 22.

Needle valve element 58 may be normally biased toward the first
position. In particular, as seen in Fig. 2, each fuel injector 32 may include a
spring 90 disposed between a stop 92 of guide 54 and a seating surface 94 of
needle valve element 58 to axially bias tip end 82 toward the orifice-blocking
position. A first spacer 96 may be disposed between spring 90 and stop 92, and a
second spacer 98 may be disposed between spring 90 and seating surface 94 to
reduce wear of the components within fuel injector 32.

| Needle valve element 58 may have multiple driving hydraulic
surfaces. In particular, needle valve element 58 may include a hydraulic surface
100 tending to drive needle valve element 58 toward the first or orifice-blocking
position when acted upon by pressurized fuel, and a hydraulic surface 104 that
tends to oppose the bias of spring 90 and drive needle valve element 58 in the

opposite direction toward the second or orifice-opening position.
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Actuator 59 may be disposed opposite tip end 82 of needle valve
element 58 to indirectly control the motion of needle valve element 58. In
particular, actuator 59 may include a three position proportional valve element
106 disposed within control passageway 73 between control chamber 71 and tank
28. Proportional valve element 106 may be actuated to move between a first
position at which fuel is allowed to flow from control chamber 71 to tank 28, a
second position at which pressurized fuel from fuel line 50 flows through control
passageway 73 into control chamber 71, and a third position at which fuel flow
through control passageway 73 is blocked. The position of proportional valve
element 106 between the first, second, and third positions may determine a flow
rate of the fuel through control passageway 73, as well as the flow direction.
Proportional valve element 106 may be movable between the first, second, and
third positions in response to an electric current applied to a piezo device 108
associated with proportional valve element 106. It is contemplated that
proportional valve element 106 may alternatively embody a two-position valve
element that is movable between only a control chamber draining position and a
control chamber filling position, if desired. It is further contemplated that piezo
device 108 may directly move needle valve element 58, without the use of
proportional valve element 106, if desired.

As illustrated in Fig. 3, piezo device 108 may include a
hermetically sealed assembly of multiple component. In particular, piezo device
108 may include a piezo element 110 pre-tensioned by one or more springs 112,
an outer casing 114, a first end cap 116, a second end cap 118, and electrical
leads 120. Piezo element 110, together with springs 112, first end cap 116,
second end cap 118, and electrical leads 120, may be supplied together as a sub-
assembly for insertion into and sealing within casing 114. It is contemplated that
springs 112 may be omitted and the function of pre-tensioning alternatively

performed by casing 114, first end cap 116, and second end cap 118, if desired.
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Piezo element 110 may include one or more columns of piezo
electric crystals. Piezo electric crystals are structures with random domain
orientations. These random orientations are asymmetric arrangements of positive
and negative ions that exhibit permanent dipole behavior. When an electric field
is applied to the crystals, such as, for example, by the application of a current, the
piezo electric crystals expand along the axis of the electric field as the domains
line up. Conversely, as the electric field is removed from the crystals, the piezo
electric crystals retract along the same axis. The piezo electric crystals may be
stacked and compressed a predetermined amount by springs 112.

Casing 114 may house piezo element 110 and provide protection
against environmental hazards (e.g., fuel contamination, physical damage, etc.).
Casing 114 may include a generally cylindrical wall portion 122 and an end
portion 124. Wall portion 122 may include a plurality of alternating large and
small diameters that together form bellows 126. In one example, bellows 126
may extend along casing 114 about the same length as piezo element 110, when
assembled, to accommodate the expansion and retraction described above. End
portion 124 may be integral to wall portion 122, formed of the same material, and
bent inward from wall portion 122 toward a central axis (not shown). In one
example, end portion 124 may be bent inward through an angle greater than 90
degrees for engagement with first end cap 116.

Wall and end portions 122, 124 may be formed through a deep
draw process. Specifically, a metallic blank (not shown) such as, for example, an
aluminum blank, may be forced against a mold (e.g., into a female mold or over a
male mold) to form a substantially cylindrical-shaped object having an open end
and a closed end. In the particular example depicted in Fig. 3, the aluminum
blank was forced into a female mold such that end portion 124 was bent through
the appropriate angle described above. Once the cylindrical-shaped object is
formed, a hole 126 having a diameter less than an inner diameter of wall portion

122 may be made through the closed end of the cylindrical-shaped object, such
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that only an annular lip structure remains. Hole 126 may be made through a
shearing process, reaming process, boring process, or any another known hole-
making process. It is contempiated that wall and end portions 122, 124 may
alternatively be formed from a metal blank other than aluminum such as, for
example, from stainless steel, if desired.

Bellows 126 may be formed within wall portion 122 through a
thread-rolling process. In particular, the cylindrical-shaped object described
above may be mounted within a machine to rotate or otherwise be spun about its
central axis. During this rotation, one or more dies having a plurality of equally
spaced, ridge-shaped protrusions may be urged into an outer and/or inner surface
of the cylindrical casing, thereby deforming the surface to create bellows within
casing 114.

First end cap 116 may be operatively connected to piezo element
110. First end cap 116 may be connected to piezo element 110 to transfer the
force associated with the expansion and contraction of piezo element 110 to
proportional valve element 106 (referring to Fig. 2). To withstand the forces
generated by the expansion of piezo element 110 and the chemical environment
within piezo device 108, first end cap 116 may be fabricated from, for example,
stainless steel.

To minimize the likelihood of fuel leaking into and contaminating
piezo device 108, first end cap 116 may be hermetically sealed to casing 114.
Specifically, first end cap 116 may include an inner face 128, an outer face 130,
and a cylindrical surface 132 connecting inner and outer faces 128 and 130.
Outer face 130 and/or cylindrical surface 132 may be welded, chemically joined,
or otherwise sealed to wall and/or end portions 114, 116, respectively. Itis
contemplated that multiple sealing locations between casing 114 and first end cap
116 may provide improved leakage protection for piezo element 110, as

compared to a single sealing location.
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Similar to first end cap 116, second end cap 118 may likewise be
connected to piezo element 110 and hermetically sealed to casing 114. Second
end cap 118 may be connected to an end of piezo element 110 opposing first end
cap 116 to transfer the force associated with the expansion and contraction of
piezo element 110 in reverse direction to a support of fuel injector 32 (referring
to Fig. 2). To withstand the forces generated by the expansion of piezo element
110 and the chemical environment within piezo device 108, second end cap 118
may also be fabricated from stainless steel. An outer cylindrical surface of
second end cap 118 may be welded, chemically joined, or otherwise sealed to
wall portion 114.

Electrical leads 120 may embody positive and negative conductors
that extend through second end cap 116 to direct current into and out of piezo
element 110. Electrical leads 120 may be alternatingly connected to layers of
crystals within piezo element 110 to create a circuit through each crystal.
Electrical leads 120 may be connected to the crystals of piezo element 110 in any

manner known in the art.

Industrial Applicability

Although illustrated and described above as being utilized in
conjunction with a common rail type fuel injector, the disclosed piezo device may
be applicable to any fluid system where it is advantageous to isolate the
associated piezo element from the fluid and/or other contaminates of the system.
By isolating the piezo element from the fluid while still allowing movement of
the piezo element, the piezo device may function as intended and have prolonged
component life. In addition, by producing the isolation solution (e.g., the case
housing the piezo element) from low cost materials through low cost
manufacturing methods, the fluid system incorporating the piezo device may be
economical. The operation of fuel injector 32 will now be explained.

Needle valve element 58 may be moved by an imbalance of force

generated by fluid pressure. For example, when needle valve element 58 is in the
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first or orifice-blocking position, pressurized fuel from fuel supply passageway
70 may flow into control chamber 71 to act on hydraulic surface 100.
Simultaneously, pressurized fuel from fuel supply passageway 70 may flow into
central bore 68 in anticipation of injection. The force of spring 90 combined with
the hydraulic force created at hydraulic surface 100 may be greater than an
opposing force created at hydraulic surface 104, thereby causing needle valve
element 58 to remain in the first position and restrict fuel flow through orifices
80. To open orifices 80 and inject the pressurized fuel from central bore 68 into
combustion chamber 22, proportional valve element 106 may be moved to
selectively drain the pressurized fuel away from control chamber 71 and
hydraulic surface 100. This decrease in pressure acting on hydraulic surface 100 -
may allow the opposing force acting across hydraulic surface 104 to overcome
the biasing force of spring 90, thereby moving needle valve element 58 toward
the orifice-opening position. To close orifices 80 and end the injection of
pressurized fuel, proportional valve element 106 may be moved to stop fuel from
draining away from control chamber 71 and to, instead, fill control chamber 71
with pressurized fuel.

Proportional valve element 106 may be directly moved by piezo
device 108. In particular, as current is applied to the crystals of piezo element
110 via electrical leads 120, the crystals within piezo element 110 may expand,
resulting in the axial extension of piezo device 108 and the corresponding
connected movement of proportional valve element 106. In contrast, as current is
removed from the crystals within piezo element 110, the crystals may contract,
resulting in the axial retraction of piezo device 10 and the corresponding
connected movement of proportional valve element 106. It is contemplated that
piezo device 108 may alternatively move proportional valve element 106
indirectly by way of pilot fluid, if desired.

As the crystals within piezo element 110 expand or contract,

casing 114 may accommodate the corresponding change in length. In particular,
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in order to avoid damage to piezo device 108, as the crystals within piezo element
110 expand, bellows 126 of casing 114 may deform to increase the length of
casing 114. Conversely, as the crystals within piezo element 110 contract,
bellows 120 may return casing 114 to its original shape to decrease the length
thereof.

The ability of bellows 126 to deform during the expansion and
contraction of piezo element 110 may provide the bias utilized to pre-tension
piezo element 110, when springs 112 are omitted. In other words, after
fabrication of casing 114, after first end cap 116 has been joined to casing 114,
and after piezo element 110 has been inserted into casing 114, second end cap
118 may be inserted into casing 114 a predetermined distance or inserted with a
predetermined force such that bellows 126 are slightly deformed and the crystals
of piezo element 110 are pre-tensioned when second end cap 118 is joined to
casing 114. Pre-tensioning may be implemented to accommodate manufacturing
tolerances and ensure that a majority of the piezo movement is transmitted to
proportional valve element 106.

The processes and materials used to fabricate casing 114 may
reduce the cost and improve the reliability of piezo device 108 and fuel injector
132. Specifically, because deep drawing and thread rolling are both relatively
low cost manufacturing methods, and because aluminum is a relatively low cost
material, the cost of casing 114 may likewise be inexpensive. In addition,
because the material used for casing 114 is dissimilar to the material used for first
and second end caps 116, 118, each component may be fabricated from the
material best suited for its intended function, without unnecessarily driving up the
cost piezo device 108. '

It will be apparent to those skilled in the art that various
modifications and variations can be made to the fuel injector of the present
disclosure without departing from the scope of the disclosure. Other

embodiments will be apparent to those skilled in the art from consideration of the
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specification and practice of the fuel injector disclosed herein. It is intended that
the specification and examples be considered as exemplary only, with a true
scope of the invention being indicated by the following claims and their

equivalents.
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Claims

1. An actuator (59), comprising:

a piezo element (110);

a casing (114) fabricated through a deep draw process, having
bellows (126), and being configured to house the piezo element; and

at least one end plate (116) hermetically connected to an end

portion (124) of the casing.

2. The actuator of claim 1, wherein the bellows are fabricated

through a thread-rolling process.

3. The actuator of claim 1, wherein:

the end portion has an inner diameter less than an outer diameter
of the at least one end plate;

the at least one end plate includes an inner face (128), an outer
face (130), and a cylindrical surface (132) connecting the inner and outer faces;

the inner face is operatively connected to the piezo element; and

the outer face is hermetically connected to the end portion of the

casing.

4. The actuator of claim 3, wherein the cylindrical surface is also

hermetically connected to the casing.

5. The actuator of claim 1, wherein:
the at least one end plate is a first end plate;
the actuator further includes a second end plate (118) hermetically

connected to an opposing end of the casing; and
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the first and second end plates, together with the casing, function

to pretension the piezo element.

6. The actuator of claim 1, wherein the casing is fabricated from
a first material and the at least one end plate is fabricated from a second material

dissimilar from the first.

7. The actuator of claim 6, wherein the first material is

aluminum.

8. A method of fabricating a piezo actuator (59), comprising:

forcing a blank against a mold to form a cylindrical casing (114)
having an open end and a closed end;

rotating the cylindrical casing;

urging a die having a plurality of equally spaced protrusions into a
surface of the cylindrical casing to form bellows (126) in the cylindrical casing;
and

positioning a piezo element (110) within the cylindrical casing.

9. The method of claim 8, further including:

making a hole (126) in the closed end of the cylindrical casing;

hermetically sealing a periphery of the hole to an outer face of the
first end plate; and

hermetically sealing an inner surface of the cylindrical casing to

an outer cylindrical surface of the first end plate.

10. A fuel injector (32), comprising;:
a nozzle member (56) configured to receive pressurized fuel and

having at least one injection orifice (80);
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a needle check valve (58) disposed with the nozzle member and
movable between a flow blocking position at which fuel flows through the at
least one orifice, and a second position at which fuel flow through the at least one
orifice is blocked; and

5 the actuator (59) as in any one of claims 1-7 operatively connected

to move the needle check valve between the first and second positions.
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FIG. 1
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