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(57) ABSTRACT 

An electrically driven Signal unit is adapted for one-step 
assembly or injection molding with a device housing to 
Vibrate, fleX, beep or emit audio signals, or to Sense and 
provide tactile feedback or control. The Signal unit is a 
package with one or more active areas each containing a 
layer of ferroelectric or piezoelectric material, connected by 
inactive areas which may position, align and conduct elec 
tricity to the active areas. The active areas may be coupled 
over a region to transmit compressional, Shear or flexural 
wave energy into the housing, or may contact at discrete 
regions while bending or displacing elsewhere to create 
inertial disturbances or impulses which are coupled to create 
a tactile vibration of the housing. The unit may be assembled 
Such that the housing, the sheet or discrete areas thereof 
form a bender to provide tactile or Sub-auditory Signals to 
the user, or may be dimensioned, attached and actuated to 
produce audio vibration in the combined Structure and 
constitute a Speaker. In other embodiments one or more 
active regions of piezo material are attached to thin or 
movable wall regions of the unit to Sense Strain and, in 
conjunction with a conditioning circuit, produce electrical 
Switching or control Signals for the device. The invention 
also includes electroactive sheet Structures having a polymer 
block, bracket or functional body formed therearound, 
which Serves as a mounting, coupling or functional operat 
ing Structure for the driven device. 
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INERTIALAUDIO UNIT AND CONSTRUCTION 

0001. The present invention relates generally to Sound 
generating Signal units Such as loud Speakers and tone 
generators, and also relates to buZZers, vibrators and devices 
used for generating a vibration or inertial Signal which may 
be felt or Sensed while not producing a highly audible Sound. 
ASSemblies of this latter type in the prior art are used, for 
example, to Signal a query by or an active State of a beeper, 
pager or alarm System, or to otherwise indicate an attention 
getting State of a consumer device. 

0002. A number of reasonably inexpensive and effective 
constructions have evolved in the prior art for providing 
Signal units to generate the necessary tones or vibrations for 
these devices. These include miniature motors with imbal 
anced rotors to create a Sensible vibration; Small piezo 
electric assemblies to vibrate at an audio frequency and 
create a tone or beep noise, and other, older technologies 
Such as Speakers with an electromagnetic voice coil, or a 
magnetic Solenoid driving a diaphragm to create a Sound 
Such as an audio tone or a vibratory buZZ. 

0003. In general, each of these technologies or its method 
of incorporation in a device has certain limitations Such as 
requiring a high Voltage driver or a relatively high current 
driver; imposing penalties of weight and/or size, increasing 
the difficulty or cost of assembly into the electronic appa 
ratus in which it is to operate, or requiring Special engineer 
ing to increase the hardineSS or lifetime of the device when 
installed for its intended conditions of use. 

0004 Thus, for example, as applied to an item such as a 
hand-held pager, which is required to be of extremely Small 
Size and low electrical power consumption, yet which is 
frequently dropped and Subject to extreme impact, the 
defined constraints do not favor either electromagnetic 
motors, which require a comparatively large amount of 
electrical power, nor piezoelectric elements, which are Sen 
Sitive to shock and generally require a case or other Struc 
tural Support to Sustain Vibration without Suffering electrode 
detachment or crystal breakage. Nonetheless, Such Sub 
assemblies are commonly used in devices of this kind. 

0005 Moreover, piezoelectric assemblies have been used 
for a variety of tone-generating tasks, both in earphones, and 
in larger, more complex, Speaker constructions. In U.S. Pat. 
No. 5,638,456 one method has been proposed for placing 
piezo elements on the cover or housing of a laptop computer 
to form an audio System for the computer. Proposals of this 
type, however, must addressS not only the problems noted 
above, but may be required to achieve a degree of fidelity or 
uniformity of response over their tonal range which is 
competitive with conventional Speaker technologies. Such a 
goal, if achieved, may be expected to necessitate an unusual 
mounting geometry, a Special cavity or horn, a compensated 
audio driver, or other elements to adapt the piezo elements 
to their task or enhance their performance. Thus, not only the 
Sound generator, but its Supporting or conditioning elements 
may require mounting in the device, and these may all 
require Special Shaping or other adaptation to be effectively 
connected to, or to generate Signals in, the device. 

0006 There is therefore a need for an efficient and 
durable signal generator which is better Suited to the elec 
trical devices of modern consumer taste. 
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0007 Accordingly, it would be desirable to provide an 
improved Signal generator effective for producing audio or 
inertial Signals. 
0008. It would also be desirable to provide a sound/ 
inertial unit of Simple construction but readily adapted to 
device housings of diverse size and shape. 
0009. It would also be desirable to provide a sound/ 
inertial unit of Simple construction but adapted to processes 
of manufacture with the device housing. 
0010. It would further be desirable to provide such a 
Sound or inertial generator assembly adapted to Simplified 
and more effective installation in a consumer device. 

SUMMARY OF THE INVENTION 

0011. These and other features are obtained in an audio/ 
inertial Signal generator in accordance with the present 
invention, wherein an actuator includes an electrically actu 
able member formed of a material Such as a ferroelectric or 
piezo material, which generates acoustic or mechanical 
Signals and is mechanically in contact with a body of 
polymer material. In one embodiment the member is 
assembled to a region of a wall or Surface, for example, of 
a housing, and imparts energy thereto. The electrically 
actuable or piezoelectric member, which may for example 
cover a region having a dimension approximately one half to 
three or more centimeters on each Side, is preferably com 
pression-bonded to one or more electroded sheets, Such as 
flex circuits, or to a patterned metal Shim or the like, which 
enclose and reinforce the material while providing electrical 
connection extending over the Signal generation unit. The 
lamination or compression bonding provides Structural 
integrity, for example by Stiffening or binding the member, 
and prevents Structural cracks and electrode delamination 
from developing due to bending, Vibration or impact. This 
construction Strengthens and enables the piezo member, 
which is preferably a sheet or layer with relatively large 
length and width dimensions compared to its thickness, to be 
actuated as a Single body and engage in Vibration or rela 
tively fast changes of State, or more generally, to produce 
electrically driven displacement, deformation or vibration of 
the device. That is, it effectively transmits acoustic or 
mechanical energy through the housing to which it is 
attached. The Structure is adapted for assembly or forming 
with the housing, and may be installed by cementing 
together or by a spot fastening process. Preferably, however, 
the actuable member is formed with or manufactured into 
the wall or housing by a process Such as injection molding 
wherein the molded body of the device is formed into all or 
part of a bounding Surface of the Signal generator, or wherein 
a solid block of polymer holds the actuable assembly and is 
itself joined to the housing by fastenerS or compatible 
bonding agents. 

0012. The piezo member has the form of a thin layer or 
sheet, which may extend in a branched or multi-area shape, 
and may be fabricated with both mechanically active regions 
and non-mechanically active, or “inactive', regions. The 
active regions contain electroded electroactive material, 
whereas the inactive regions may be regions disjoint from 
the mechanically active regions and may be shaped or 
located to position and provide Structural Support and/or 
electrical pathways, e.g., mounting hole and electrical lead 
in connections, to the active regions. The inactive regions 
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may include non-electroded electroactive material, or may 
lack the material altogether and contain only electrical 
lead-ins, cover film, or the like. Portions of the Signal unit 
may be pinned in an injection mold and a device housing 
then molded about or adjacent to the unit, or else may be 
positioned and then cemented or thermally bonded to the 
housing after the housing has been molded, thereby simpli 
fying fabrication of the final device. In one embodiment, the 
Signal unit is a vibrating beam or sheet which may be pinned, 
clamped or otherwise attached at one or more positions 
along its length, leaving a portion free to displace and create 
inertial impulses which are coupled to the housing at the 
fixed or clamped portion. In that case, the fixed portion may 
be defined by a block of polymer material molded about the 
electroactive assembly, thus providing an inert and machin 
able or clampable region for affixing to the device. In 
another embodiment, the unit is fastened to or contained 
within a wall of the device's housing, and couples energy 
thereto Such that the wall acts as a tone-radiating Surface. 
The unit is preferably mechanically connected over a major 
portion of its Surface and activated to produce waves in the 
attached housing, So that the housing itself forms a novel 
radiating Surface. The Signal assembly may have plural 
Separate active regions which are connected, in common or 
Separately, to different portions of the housing wall, and 
which may be operated variously as Sensing Switches, audio 
Speakers covering one or more frequency bands, or tactile 
Sub-audio Signal indicators. The Separate active regions may 
also be attached to the housing at Separated positions and be 
driven in phased relation to more effectively create particu 
lar excitations of regions of the wall, or may be driven as 
independent pairs to produce Stereo Sound. 
0013 In one exemplary embodiment, the housing is the 
housing of a laptop or other computer, and the Signal 
assembly includes two flat piezo transducers, each having 
one or more active regions for producing audio vibration, 
and which are co-fabricated with the housing by a molding 
or thermal bonding assembly process to form Stereo audio 
emitters. In another embodiment, the housing is the body of 
a computer mouse and the generator is coupled to provide 
Sensible disturbances in a button or face of the mouse, or to 
Sense applied force and produce an electrical Signal there 
from. In yet another embodiment, a generator is coupled to 
the housing of a pager or cellular phone in a manner to fleX 
the thin housing wall, Such that the housing provides both an 
inaudible inertial Stimulus, and an audibly projected tone for 
Signaling the user, optionally with a Strain Sensing function 
ality. 
0.014) A method of manufacture includes designing a 
flexible piezoelectric package having an active region with 
a two-dimensional shape matching one or more faces of a 
housing, and attaching the package to the housing Such that 
the face or faces radiate audio and/or inertial vibration when 
the package is energized. A region of the package may also 
act as a control transducer when the housing is stressed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0015 These and other features of the invention will be 
understood from the description below taken together with 
the drawings illustrating exemplary embodiments and illus 
trative applications of the present invention, wherein 
0016 FIG. 1 shows one embodiment of a signal unit of 
the present invention and a method of its fabrication in a 
device; 
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0017 FIG. 1A shows another embodiment having sepa 
rate transducer regions of different type; 
0018 FIG. 2 illustrates details thereof; 
0019 FIG. 2A illustrates details of a manufacturing mold 
and fabrication Steps; 
0020 FIG. 3 illustrates an inertial or audio embodiment 
of the Signal unit of the invention; 
0021 FIG. 3A illustrates another inertial or audio 
embodiment formed as a hybrid Sub-assembly; 

0022 FIGS. 3B-3D illustrate further embodiments useful 
for inertial and other Signal generation Systems, 

0023 FIGS. 4 and 4A another embodiment useful for 
Stereo audio Systems, and 

0024 FIGS.5A and 5B show further embodiments; and 
0025 FIGS. 6A-6L show representiative embodiments in 
consumer electronic devices. 

DETAILED DESCRIPTION 

0026. As shown in FIG. 1, one embodiment of the signal 
unit of the present invention includes a Signal actuator 10, 
which, together with its electrical connections, is mounted in 
a consumer electronic device, Such as a cellular telephone, 
a beeper, a computer, or an accessory thereof. The Signal 
actuator 10 in the illustrated embodiment has a generally 
sheet-like form, having approximately the dimensions of a 
credit card, and is itself assembled or formed with an upper 
ply or skin 10a, a middle layer 10b, and a lower ply or skin 
10c. The middle layer 10b includes an electroactive mate 
rial, Such as a piezoceramic material which may, for 
example, be a piezo-fiber-filled composite material, a Sin 
tered piezoceramic sheet material, or other body of piezo 
electric material with Suitable actuation characteristics as 
discussed further below. In the illustrated embodiment, the 
Signal actuator extends over an area, which as illustrated, is 
about the Size of Several postage Stamps. AS will be clear 
from the discussion of Specific applications below, its size 
may range from Several millimeters on a Side, to Several 
centimeters or more on each side, but the piezo material is 
in each case a relatively thin layer, under Several millimeters 
and typically about a one eighth to one half millimeter thick. 
In Some embodiments, the actuator is formed with Several 
Such Sublayers of material laminated together to constitute 
the overall sheet actuator 10. For simplicity of discussion 
below, the electroactive material shall be simply referred to 
as piezoceramic material, Since piezoceramic is readily 
available and possesses Suitable actuation and mechanical 
properties. 

0027 Each of the outer layers 10a, 10c includes conduc 
tive traces or conductive material for establishing electrical 
contact with the piezoceramic material, and preferably also 
a continuous Sealing layer Such as an insulating Support film 
or a thin metal Shim, which in the latter case may be the 
conductive layer itself. One suitable construction for form 
ing Such a piezo area actuator is shown in commonly-owned 
U.S. Pat. No. 5,656,882, which is hereby incorporated 
herein by reference in its entirety. That patent describes a 
general technique for laminating conductive and Sealing 
layers about one or more central layers of piezoelectric 
material to form a ruggedized and free-standing assembly 
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capable of repeated in-plane Strain actuation and bimorph 
bending actuation. The actuator need not be a simple rect 
angle or convex shape, but may include a number of Separate 
actuation regions, interconnected by inert portions of the 
flex circuit layers that position the regions in relation to each 
other and provide necessary electrical junctions. Such a 
shape is shown, for example in FIG. 6 of commonly-owned 
U.S. patent application Ser. No. 08/760,607 filed on Dec. 4, 
1996, wherein an F-shaped planar actuator assembly has two 
active cantilevered arms each containing electroactive mate 
rial, and connected by intervening regions of flex circuit 
lamination that contain no fragile material and may be 
clamped to position the assembly or bent to align the unit 
before clamping. The 08/760,607 application is also hereby 
incorporated herein by reference in its entirety. The device 
illustrated therein also has other regions of its flexible sheet 
Structure which further lack conductive traces and may be 
punched, drilled, cut or clamped as necessary to fit, align and 
hold the assembly without impairing its basic mechanical or 
electrical properties. The above-described actuator fabrica 
tion techniques are of broad generality, and may be applied 
to units wherein the active material comprises Sintered 
piezoceramic sheets, piezopolymer layers, or constructions 
involving composite piezo material, Such as piezo fibers, 
flakes or powders; these latter may, for example be arrayed 
to enhance the magnitude or directionality of actuation, or 
their overall control authority or Strength. 
0028. In the present construction, the signal assembly is 
either preformed, for example by the aforesaid techniques, 
or else a partial piezo assembly is formed including at least 
one Surface ?electrode cover layer, and the partial actuator 
assembly is added to or completed by an injection molding, 
laminating or assembly proceSS So that a polymer body or 
shell, e.g., the housing wall 20, constitutes a further cover 
ing, co-acting or enclosing layer. Furthermore, as discussed 
below in relation to Some embodiments of the methods of 
this invention, one of the outermost layerS may have a 
modulus or mechanical property effective to act against the 
Strain of the piezo assembly and to form a monomorph or 
bender when integrated with the active signal assembly, So 
that when the electrodes are energized, bending occurs in the 
wall 20 and flexural or plate waves are formed. The inven 
tion also contemplates constructions wherein Several piezo 
ceramic layers are formed into a bimorph assembly, which 
by itself can be actuated to achieve plate deformations Such 
as bending, and these are coupled into the wall. 
0029) Returning now to FIG. 1, as further shown in that 
Figure, outside of the region occupied by the piezoceramic 
member 10b, the module 10 possesses registration points, 
illustratively alignment holes 11 and notches 12, which by 
Virtue of its sheet Structure are simply formed by a Stamping, 
punching or bulk milling process, or any of the patterning 
techniques common in circuit board fabrication or microli 
thography. The module 10 also includes electrical leads 13, 
visible through the outer film, which extend to connectors 
13a such as pin socket ribbon cable connectors. Suitable 
methods of fabricating the module 10 are shown in the 
aforesaid commonly-owned U.S. Pat. No. 5,656,882 issued 
Aug. 12, 1997 of Kenneth B. Lazarus et al. That patent 
describes laminating techniques for forming a free-standing 
or Self-Supporting piezo element which is packaged into a 
card that provides Strain actuation over its entire Surface. 
Unlike, for example, arrays of ultrasound-emmitting points, 
the overall construction is directed to a transducer wherein 
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a broad Surface region is to be Strain-actuated all at once, and 
the techniques described therein were found to overcome 
problems of breakage and delamination in area-type thin 
sheets. The present invention further incorporates electro 
active units in devices and assemblies to which the material 
is mechanically coupled with an effective inertial or acoustic 
coupling. 

0030. As mentioned above, the constructions of the 
present invention also include constructions involving bond 
ing one or more electroactive layers to flex or Sealing layers 
which may amount to a leSS complete package, in which one 
or more piezo layers are unitized or Strengthened, and 
electroded, Sufficiently to be handled, aligned and posi 
tioned, and the actuation Sub-assembly is then assembled 
into a housing or Soundboard by being molded together with 
or laminated with the device, or into an assembly that is 
asymmetric about the neutral axis of the piezo layer(s), to 
provide bending beam, wall flexure or cantilever actuation 
as coupled to the housing. In this regard the invention also 
includes constructions in which a piezo bimorph is 
assembled, for example according to the teachings of the 
aforesaid patent, and is attached at one or more discrete 
points, bands or regions So that the bimorph moves and 
transferS impulses to its points of attachment or contact. 
0031 Relevant teachings for this aspect may also be 
found in the aforesaid commonly-owned and co-pending 
U.S. patent application Ser. No. 08/760,607 entitled Valve 
ASSembly. That patent application shows representative 
geometries for providing a piezoelectric/flex circuit sheet 
assembly mounted as a cantilevered beam that moves a 
blocking member or mass Suspended over a valve or flow 
opening in a device housing. In accordance with a further 
aspect of the present invention, discussed more fully below 
in connection with FIG. 3, by Substituting a proof mass for 
the blocking member and driving the beam to oscillate, Such 
an assembly forms an inertial Signal generator. 

0032 Continuing with a description of FIG. 1, the hous 
ing 20 is illustrated as a thin-walled Shell, Such as may 
commonly be formed by injection molding of a thermoplas 
tic material, a contoured box, can, shell or tray-like cover or 
curved enclosing Surface. Examples of Such housings or 
shells are, for example, cases of paging units or cellular 
telephones, cases of laptop computers, housings of computer 
mice or hand-held information indicating, Switching, tuning 
or drawing devices, and those of hand-held or carried music 
playing, radio, or facsimile modem or communication 
devices. The illustrated shell 20 is substantially rectangular, 
and includes a first receSS 22 and a Second receSS 23 into 
which are fitted respective modules 10. As shown in phan 
tom for the left unit, a flex-circuit portion 15 of the module 
10 extends as an alignment or positioning flap from the 
active central portion of the module 10. Flap 15 may be 
formed without the internal layer of piezo material, and it is 
used for mounting or temporarily positioning the assembly, 
with registration features 11, 12. Each module 10 also 
contains a connector 13a, which may for example be a 
Socket, edge connector, or Stiff conductive land region, 
although as noted above Several regions may be intercon 
nected by fleX conductors, in which case only a single Socket 
is required to energize the distinct regions of piezo material. 

0033 AS indicated by the schematic exploded view of 
FIG. 1, the module 10 and housing 20 are preferably 
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mechanically interconnected by being formed together dur 
ing manufacture, for example by a molding proceSS Such as 
injection molding together between portions 30, 32 of an 
injection molding die. In this method of fabrication, the 
module 10, including piezo material and at least one lami 
nation of the electrode/strengthening material is positioned 
and aligned in the cavity of the mold die, for example, by 
being placed in a receSS in one Side of the multi-part die 
assembly, or held by pegs projecting from the wall of the 
mold cavity. The housing shell 20 is then formed about or 
against the module 10 by injecting a fluid or plastic polymer 
material through one or more die inlets 30a, 30b, 32a, 32b 
which open into the cavity. Preferably, one wall of the cavity 
provides support for the module 10 during fabrication, 
especially when the fabrication is performed by a high 
preSSure injection process. In the illustrated embodiment, the 
modules 10 may be Supported in half-height recesses in the 
upper die body, So that the plastic mold material covers at 
least one face and in the finished assembly the modules are 
partially or entirely embedded, e.g., for half their height, in 
the Surface of the housing 20. The receSS thus positions and 
aligns the module 10. Furthermore, the extent to which the 
module projects from the die and is thus recessed into the 
molded wall of the housing results in a corresponding 
thinning of the adjacent region of the housing wall, render 
ing it more Suitable for vibrational actuation. In this case, the 
presence of the module contributes to Strength of the hous 
ing wall while allowing it to enjoy better acoustical trans 
mission. 

0034. In a representative embodiment for actuation as an 
audio speaker, modules 10 having a size of approximately 
one by three inches formed about a Single Seven mill thick 
layer of PZT (lead zirconium titanate) piezo material were 
employed, encasing the piezo within flex circuit material as 
described in the above-referenced 882 patent, and attached 
to housing 20 having an overall wall thickness of approxi 
mately one half to two millimeters. The polymer constituting 
the housing wall is substantially less stiff than the unit 10, 
which, because of its Small thickness dimension, produces a 
Significant Strain only along its in-plane axes. Since the 
Surface of module 10 was continuously joined to the adja 
cent polymer material of the wall, actuation of the piezo 
produced Substantial flexural excitation of the housing itself, 
causing the housing to act as a Speaker and permitting its use 
for audio Sound production. 
0035 FIG. 1 A shows another embodiment wherein an 
active Signal generation module 10 is mechanically in con 
tact with a housing 20. In this embodiment, the module 10 
has a first portion 1 and a Second portion 2 each disposed in 
a different region of the sheet. Portion 1 is mounted so that 
its sheet Structure is attached at discrete points, illustratively 
on posts or Stand-offs 3 extending from the housing 20, 
while portion 2 has its full face affixed to the wall of the 
housing, in a construction similar to that of FIG. 1. 
0.036 FIG. 2 shows a partial section through the signal 
generator of FIG. 1 or the region 2 of the device of FIG. 1A, 
illustrating one aspect of this construction. AS shown, the 
piezo material covers a region of the wall, and is located 
asymmetrically toward one side of the wall, i.e., is attached 
at the inside Surface of the wall. Furthermore the wall 
thickneSS is preferably Somewhat greater than the thickneSS 
of the piezo material as shown, but is nonetheless Suffi 
ciently thin so that it is effectively flexed or vibrated by the 
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actuator. In general, when a piezoceramic is used and a 
polymeric housing is employed, the wall will be appreciably 
leSS Stiff than the actuation material of the Signal generator. 
0037. In the above-mentioned commonly owned patents 
and patent applications, the use of relatively Stiff and Strong 
flex circuit materials, Such as polyimide, polyester or polya 
mide-imide materials is preferred for making free Standing 
piezo actuators. In the present construction, however, mate 
rials constraints may be relaxed Since the assembly is to be 
Supported by the device housing. In the construction of 
FIGS. 1-2, for example, once the assembly is attached to the 
wall 20, the wall itself will normally be effective to limit 
deflection of the material to below its breaking limit. Pref 
erably for audio actuation a thin piezo layer is used, about 
one to three tenths of a millimeter thick, and the housing or 
device wall that it actuates is a wall about one to three times 
this thickness. Overall, the wall thickness is kept small, but 
its area is relatively large, So as to effectively couple 
Vibration and transmit Sound into air, or, in the case of a 
Sub-audible Signal, is Sufficiently big to provide a touch 
Sensible flexing region. 
0038 Another consideration in the overall construction is 
to obtain a sufficiently strong level of adhesion between the 
actuator and the wall. When the actuator is to be separately 
cemented onto a pre-formed housing, this is achieved by 
using an adhesive that is compatible with the Surface mate 
rials of the housing and actuator, and clamping the broad 
faces against each other. When assembly is performed by 
molding the housing about the actuator sheet or with one 
Surface entirely in contact with the actuator sheet as dis 
cussed above, then effective mechanical continuity can be 
achieved, even when using a Stiff Smooth Surface layer Such 
as a polyimide flex circuit material for the actuator, by first 
coating the outer Surface of the actuator with an adhesive 
that is compatible with both the circuit layer and the injected 
plastic material, and then molding the housing in contact 
with the coated piezo assembly So that both are Secured 
together. In one prototype of a unit as shown in FIG. 1, the 
piezo material was formed into an electroded actuable unit 
using a polyester film cover layer, and a one mill thick sheet 
of adhesive was placed over the polyester which was then 
positioned in the injection mold. Integration with the hous 
ing was effected by injection molding of a heated polycar 
bonate plastic matrix at Several thousand psi pressure while 
the piezo assembly was fitted in the face of the injection 
molding cavity. Other thermoplastics, as well as materials 
Such as rubber, curable polyimide, epoxy or curable liquids 
may be used to good effect, and the use of fluid or less 
Viscous materials may be effective for low preSSue forming, 
Such as casting techniques. Also, when a relatively penetrat 
ing curable liquid is used, the construction may eliminate 
certain electrode, enclosing layers, or adhesive layers from 
the sheet actuator assembly, and achieve Sufficient Strength 
and conductivity with metallized piezo elements embedded 
in the cured molding or casting. When the matrix material 
cures by croSS linking or drying, this effect may also serve 
to place the piezo material under compressive StreSS and 
enhance its longevity and elastic actuation characteristics. 
The invention also contemplates constructions wherein the 
housing is formed by a process of laying-up a composite 
fiber/binder shell, Such as a glass-epoxy or graphite-binder 
lamination procedure, to form a wall Structure in which one 
or mores modules are Sealed within, partly embedded, or 
Surface-attached to, the composite body. 
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0.039 A further desirable structural arrangement achieved 
with the construction of FIG. 2 is that by placing the module 
10 in a construction wherein its full face, or a full region of 
a portion of a face, is affixed over a continuous area of the 
housing, the actuation of the module can produce in-plane 
Strain wherein relatively large displacements are developed 
over its extent and a monomorphic bending action, or 
flexural excitation, of the housing wall is achieved. This 
allows the construction, when actuated at a low frequency, 
to form a Silent but tactile actuation of the housing, with an 
effect similar to that of the conventional imbalanced rotor 
Signal units of the prior art. 
0040. When forming the device by injection molding at 
elevated pressure and temperature, the mold is preferably 
operated to avoid excessive force on the piezo, and to avoid 
subjecting the piezo to excessive heat. FIG. 2A shows in 
cross section this fabrication method. Mold forms 30, 32 are 
brought together to define a mold cavity 33 between 
opposed faces 30b, 32b, and a mass of forming material 40 
is introduced into the cavity to fill the available space. The 
mold body is configured so that one surface 30a, 32a of each 
half fits tightly against the other, and Seals, So that the cavity 
is closed and the material 40 assumes the thin extended 
contoured shape of the remaining Space in the mold cavity. 
The actuator assembly is fitted into a recess 32c in the 
surface 32b so that it is out of the turbulent injection flow 
path and is closely and uniformly Supported against Surface 
pressure. In the illustrated mold assembly, a material inlet 50 
includes an inner material passage 55 controlled by a valve 
51 to selectively open an outlet orifice 55a of a supply 
conduit 52 that opens to the interior of the cavity. A heater 
53 Surrounds the conduit 52 and maintains the plastic 
material at a temperature to keep it Sufficiently fluid at the 
flow pressure involved, which may, for example be Several 
thousand psi. Preferably, however, the mold itself resides 
and is maintained at a low temperature which is, for 
example, below the Curie temperature of the electroactive 
material. Thus, in a molding process where the temperature 
of the matrix is raised to form its shape, the receSS32c forms 
both a mechanical Support and a thermally protective sink 
for the assembly 10. Using Such an arrangement, a polycar 
bonate material may be dependably injection molded at a 
temperature of about 300 F. at pressures of 13.5-15 Kipsi 
without damaging the piezo material. 
0041. In the mold assembly illustrated in FIG. 2A, a 
single orifice 55a is shown. It will be understood, however, 
that multiple material inlets may be provided, as well as one 
or more closable SprueS or vents, to assure complete filling 
of the cavity. Overall, the mold may be configured to quickly 
fill and quickly cool down the injected material, So that the 
electroactive material does not experience the high initial 
temperature of the injection melt. Preferably, the material 
inlets and vents or outlets are arranged So that the moving 
flow of material acts only against a fully Supported actuator 
sheet, thus minimizing the possibility of breakage. For this 
purpose, the receSS 32c can be quite shallow, or may be 
absent altogether. In the absence of a mold face receSS, the 
partially assembled module 10 can be temporarily held in 
position in the cavity by retractible or fixed alignment pins 
or by a spot of contact adhesive, or by any other Suitable 
CS. 

0042. In other embodiments, the module 10 may be 
fastened to the housing by the flap portion 15, while the 
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active signal portion is attached-e.g., cemented or injection 
molded-to a separate element Such as a circuit board, or to 
a diaphragm or horn which improves the efficiency of Sound 
Signal radiation. 
0043. The use of a thin layer of piezo material allows the 
material to be actuated and change State at relatively high 
frequency, namely in the audio band, despite its capacitive 
nature, while using relatively low drive voltages. When 
driven at lower frequencies, under Several hundred HZ and, 
in a beeper preferably at resonance (about one hundred 
ninety HZ in one device), the actuator produces an easily felt 
but substantially inaudible flexural or vibratory movement 
which is referred to herein as an “inertial” signal. Driving in 
this manner produces a Substantially elastic disturbance of 
the Signal unit and/or housing, and thus may be resonantly 
driven using relatively little power. The module may pro 
duce Signals. Such as a tone or a buzz, which are generated 
at audio or lower frequency and are electrically Synthesized 
Signals. 

0044 One form of signal, which is both inertial and 
non-audio, is obtained by producing a vibration of the wall 
that because of its low amplitude and/or form of vibration 
does not radiate Sound, or radiates only a low buzz or 
murmur. This excitation, which corresponds very closely to 
that conventionally produced in a paging device by means of 
an imbalanced electromagnetic motor, is achieved in accor 
dance with one aspect of the invention by providing a 
Signal-producing piezo package as described above and 
attaching the package to the housing Such that a portion of 
the package area undergoes an actual displacement, Such as 
a oscillating bending motion, while another portion of the 
package is clamped, pinned or otherwise attached at an end 
or inner portion thereof to the housing So that the inertial 
imbalance of the moving package is transmitted into the 
housing as vibrational energy. 

004.5 FIG. 3 illustrates such an embodiment. As shown 
in that figure, a housing 200, Such as the housing of a beeper 
or the like, has a module or signal unit 100 mounted thereon 
with a part of the unit fixedly clamped between a pedestal 
201 and cap 202 so that it is cantilevered over the housing 
floor. A ribbon-like flex circuit extends to a power connector 
110 to energize the active portion of the unit 100, which is 
fabricated as a bimorph, or as a pieZO/metal Shim mono 
morph, So that it bends like a diving board and oscillates 
about its clamped end. A mass 3 is preferably mounted at the 
moving end to accentuate the imbalance, and the entire unit 
may be driven in resonant oscillation So that the inertial 
imbalance transferS a relatively large amplitude periodically 
varying force to the pedestal 201 and creates an inertial 
vibration in the housing. The dimensions and stiffness of the 
sheet construction may be selected so that the unit 100 
resonates and little power is required to initiate or maintain 
its oscillation. Similarly, as described in the above-refer 
enced patents and applications, circuit elements forming an 
R-C or RLC circuit may be incorporated in the planar sheet 
construction. In addition, the electrode connection portions 
of the Sheet element may also carry other circuit elements, 
including non-planar elements which are attached following 
the basic sheet assembly. These elements may include audio 
amplifier, Voice or Sound generator, or filter/signal proceSS 
ing chips connected and configured to adapt one or more 
portions of the unit 100 to emit audio Sound, or to sense 
audio or tactile Signals. 
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0.046 Such additional circuit elements are advanta 
geously used in the device of FIG. 1A, a plan view from 
above of a Signal unit incorporating both audio and inertial 
generation portions. AS shown, the unit includes a sheet-like 
packaged piezo assembly in which the first active piezo area 
1 and the Second active piezo area 2 both extend in a 
common sheet, with flexible packaging or circuit portions 
that may allow a common connector to energize both 
portions while Separately positioning each for cementing, 
injection molding or other form of attachment in the device. 
The portions are separated by flexible bands of intercon 
necting material, and each may be separately actuated essen 
tially without introducing cross-talk in the other. Either 
portion may be set up as a cantilever beam, bender, free 
Space vibrational Source, or audio vibration or inertial 
bender plate fully affixed to the wall. 
0047 FIG. 3A shows another embodiment 300 of the 
invention. Unit 300 is a hybrid actuator assembly adapted 
for Simple mechanical attachment to diverse user devices. 
As shown, the unit 300 has an actuator sheet portion 310 
which may be a vibrator, monomorph or bimorph bender or 
other thin sheet area piezo actuator device as described 
above, and a body 320. Body 320 may be a block, as shown, 
which may for example include or accommodate bolt holes 
for conventional attachment to a wall or housing, and may 
be formed by molding, casting or cementing about the sheet 
portion 310. Body 320 may alternatively be a more complex 
shape, Such as an L-bracket, multi-post Standoff, horn, or 
other shape specifically adapted to mounting in a specific 
housing or audio System. 
0048 FIGS. 3B and 3C show further mechanically 
useful embodiments wherein a polymeric housing or wall 
200 is attached to an electroactive module 100 of the present 
invention. Also shown is a weight or mass 3 carried on the 
module 100 to increase its inertia. These embodiments are 
advantageously applied to create inertial impulses and 
couple them into the wall. The embodiment of FIG. 3B may 
also be constructed without the weight 3 So as to constitute 
a lighter Structure, which may, for example, function as a 
direct-to-air Sound emitter, or which may be configured to 
reinforce or amplify the level of vibration induced in or 
coupled to the housing wall through the solid support. While 
these two Figures show a pinned-pinned or boundary 
clamped module mounting (FIG. 3B), and a pinned or 
clamped end module (FIG.3C), the invention contemplates 
Structures wherein the module is mechanically coupled to 
the housing by other appropriate mechanical arrangements 
of clamp, pin, bias contact or partially free configurations to 
allow the module to both generate the desired mechanical 
action and couple it to the housing. The invention further 
contemplates other constructions employing a module 10 as 
described herein, which extend or improve the art. 
0049. Thus, FIG. 3D shows a construction wherein a 
module 10 as described above is attached to a wall 200 
through a Support rim or discrete Supports 201, which as 
shown are place at edges of an active region 10a of the 
module 10. The structure is assembled Such that the wall 
receives energy by direct vibrational coupling through the 
support 201 (indicated by way arrow “a”) as well as energy 
coupled through the atmosphere (e.g., Sound, indicated by 
Straight arrows "b'). The housing thus produces signals 
(denoted by arrows “c”) at its surface. The assembly may be 
tuned for a coupled resonance of the emitting region of the 
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wall, or may employ a perforated region Such that, for 
example the “b' energy is radiated through as an audio while 
the “a” energy is applied as a tactile Signal actuation of the 
wall. Because the module 10 contains a region of material 
which is actuated in bulk, the Size or dimensions of the 
housing or attachment region may be varied arbitrarily while 
Still employing the same module for all applications. Thus, 
for example, the assembly of FIG. 3D may employ the same 
module 10 when the Supports 201 are to be spaced two 
centimeters apart, or three centimeters apart. This feature 
allows great leeway in implementing actuator housings 
wherein, for example, a portion of the wall 200 is required 
to have a particular thickness, and yet to also flex or to 
resonate at a particular frequency, Since it is no longer to 
design the wall to fit the mounting and actuation parameters 
of a fixed driver Such as a Speaker. Instead, one may simply 
determine the required wall properties, for example So that 
it has a response at the desired signal (e.g., a 100 Hz flexural 
resonance, or an audio response to vibrational Stimulation) 
and the module is attached So that it is dynamically coupled 
to the shell to amplify or enhance the response of the Shell. 
0050 FIGS. 4 and 4A show top and sectional views of 
yet another embodiment 400 of the invention. In this 
embodiment, several separate electroactive units 410a, 410b 
and 410c are each affixed in a common wall 420. One is 
centrally positioned to actuate the panel as a whole to, for 
example, radiate longer wavelength acoustic energy, while 
two other actuators are positioned diametrically apart to 
provide Separate emission regions which may for example 
be used for Stereo speakers at higher or more directional 
frequencies. These actuator units may be positioned in other 
locations as desired, for example to connect with Specific 
circuitry in the intended device, or located to avoid nodal or 
resonant positions of the wall, by Suitable design of the mold 
cavity or assembly fixtures. In addition to actuation as audio 
or non-audio generators, the actuators may be used for 
Sensing and user feedback. In this case, the described sheet 
structure may be embedded more deeply in the wall so that 
only a thin, flexible membrane-like portion of the wall 
covers the actuator and the users touch transmits Strain into 
the sheet for forming a Signal. When used as a Sensor, 
materials with leSS Stiffness, Strength and/or control author 
ity, such as flexible PVDF film or composite, may be 
employed in forming the module 10. 
0051. The invention is also adapted to provide manufac 
turing efficiency for the incorporation of multiple different 
functional drivers within a single device. This is done as 
indicated by FIG. 5A, by providing a multipurpose actuator 
unit 510 which is fabricated as a sheet structure in the 
manner indicated above, and has both a plurality of active 
regions 512a, 512b, 512c and its connecting or alignment 
features, Such as edges, fastening holes and the like 514a, 
514b, 514c positioned to fasten in a single step to a housing 
and thus to provide a plurality of possibly different inertial, 
audio or Sensing control devices therein. One or more of the 
active regions 512 may be fabricated with a closely spaced 
set of circuit elements 513 as shown in active region 511 of 
FIG 5B. 

0052 Furthermore, because the actuator itself may be 
readily manufactured in large sheets containing multiple 
Separate units, and, as described in the foregoing patents, 
these may be shaped and configured in part by lithographic 
(e.g., electrode pattern-forming) and lamination techniques, 
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the size and shape of the modules 10 is readily adapted to 
each required application while keeping unit design and 
manufacturing costs reasonable. 

0.053 FIGS. 6A-6L illustrate representative examples of 
embodiments of the invention configured as audio, Signal or 
Sensing units in a variety of consumer electronic devices. In 
these figures, a Sound-emitter is indicated pictorially by a 
Small triangle, while a Star is used as a legend to illustrate a 
Suitable region of the housing for a vibratory or inertial 
transducer. The latter may also be used for Sensing pressure 
or contact feedback from the user, which is preferred in 
Some applications noted below. 

0.054 As shown in FIGS. 6A-6C, in a laptop computer, 
not only the broad panels of the device-Such as the 
cover-may be used, but Sound generators may be posi 
tioned to radiate at the Sides or floor of the case, or around 
the edge of the keyboard or display. Some Suitable positions 
for inertial Signal units include the feet, bottom Sides and the 
palm rest area P. Similarly, in a cellular telephone, as shown 
in FIGS. 6D, not only may the ear and voice regions be 
implemented with modules of the present invention, but 
even faces of the housing Such as the Side or back may be 
fitted with any of the forms of signal transducer described 
above. For small units such as pagers (FIG. 6E) or beepers 
(FIG. 6F) all three type of signals may be conveniently 
positioned on the housing. The construction is particularly 
advantageous in efficiently producing inertial signals at a 
body-contact region of a Small housing Such as the belt clip 
area of a pager, or the edge or face of a beeper. For items 
such as a PDA(personal digital assistant) as shown in FIGS. 
6G and 6H, the signal units may be positioned as described 
above for laptop computers. Here again, the Scalability and 
lithographic manufacturing techniques of the present inven 
tion make the modules 10 especially advantageous. 

0.055 For a computer mouse, both the control buttons and 
the palm region may be fitted to a module to produce Sound 
or tactile Signals, and the button or buttons may further 
function biodirectionally to also receive user input-e.g. to 
function as touch-Switches or force Sensors, as shown in 
FIG. 61. Finally, for devices such as cassette players (FIG. 
6J) or compact disc players (FIGS. 6K and 6L) not only 
may the module 10 be configured for audio, inertial or other 
Signals, but the module may be configured with one or more 
regions to act as Sensors S to perform user input functions, 
replacing Such Small and easily missed control buttons as the 
pause, Stop and repeat buttons of the prior art with larger or 
widely Separated actuation regions of the housing. This latter 
feature allows a user, for example, to more easily control the 
device by a simple touch while the device remains in a 
pocket or carry bag, without the difficulty of first removing 
it or ascertaining by feel the position of each of the numer 
ous Small control buttons. 

0056. This completes a description of basic aspects of the 
invention and Several exemplary embodiments, which are 
described both to illustrate points of departure from the prior 
art and show the manner of adapting representative methods 
and Structures of the invention to specific devices. Such 
description will be understood as illustrative of the inven 
tion, but is not intended to limit the scope thereof. The 
invention being thus disclosed, variations and modifications, 
as well as adaptations thereof to diverse devices and 
improvements, will occur to those skilled in the art, and Such 
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variations, modifications and improvements are considered 
to be within the scope of the invention as defined by the 
claims appended hereto. 

What is claimed is: 
1. A device housing comprising 
a shell having an inner Surface and an Outer Surface, the 

shell being contoured to cover or at least partially 
enclose a device, and 

an electroactive assembly comprising at least a layer of 
electroactive material covered by a film, wherein the 
material is electroded and laminated to the film forming 
a unit, Said assembly is mechanically attached to Said 
inner Surface of the shell Such that when actuated the 
assembly transmits energy through the shell as a user 
detectable Signal. 

2. A device housing according to claim 1, wherein the 
electroactive assembly is a sheet, and further comprising a 
mass carried by the sheet, Said assembly being mechanically 
attached to the housing while allowing the mass to displace, 
thereby creating an inertial response of the device housing. 

3. A device housing according to claim 1, wherein the 
electroactive assembly forms an audio Speaker with emis 
Sion of audio signals through the shell when actuated with 
audio frequency electrical signals. 

4. A device housing according to claim 1, wherein the 
assembly includes registration apertures in Said film for 
positioning the sheet on Said shell. 

5. A device housing according to claim 4, wherein the 
assembly is a single sheet and includes a first piezoceramic 
sheet portion mechanically attached to the shell to create an 
inertial response and a Second piezoceramic sheet portion 
mechanically attached to the shell to create an acoustic 
response, Said first and Second piezoceramic sheet portions 
lying in different regions of the Single sheet. 

6. A device housing according to claim 5, wherein the first 
and Second sheet are laminated to a common flexible sheet 
layer. 

7. A device housing according to claim 1, wherein the 
housing encloses a device Selected from among the devices 
of computer, pager, beeper, cellular phone, portable music 
device, personal data assistant (PDA), computer mouse and 
components or Subassemblies therefor. 

8. A device housing according to claim 7, wherein the 
assembly is mechanically in contact with the shell by 
injection molding of the shell thereabout or thereagainst. 

9. A device housing according to claim 7, wherein the 
assembly is mechanically in contact with the shell over an 
area So that when actuated it transduces energy in Said area 
of the shell causing the shell to bend, vibrate or emit sound. 

10. A device housing according to claim 7, wherein the 
assembly is mechanically in contact with the shell at discrete 
points for activating the shell to emit a tactile burst of 
energy. 

11. A device housing according to claim 7, wherein the 
assembly is mechanically in contact with the shell over its 
Surface forming a bender there with. 

12. A device housing according to claim 7, wherein the 
assembly is clamped to Said shell at an end and actuated for 
applying an inertial impulse at its clamping point to vibrate 
the shell. 

13. A device housing according to claim 1, wherein the 
shell is of composite construction. 
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14. A device housing according to claim 1, wherein the 
electroactive assembly is a sheet, and Said assembly is 
acoustically coupled to the housing So as to enhance an 
acoustic response thereof. 

15. A device housing according to claim 1, wherein the 
electroactive assembly is mechanically attached to the shell 
for transmitting force thereto when actuated with electrical 
Signals. 

16. A device housing according to claim 7, wherein the 
assembly is dynamically coupled with the shell to amplify 
response of the shell causing the shell to bend, Vibrate or 
emit Sound. 

17. A device housing according to claim 1, wherein the 
assembly includes a piezoceramic portion mechanically 
attached to the shell to create both an inertial response and 
an acoustic response. 

18. An electromechanical transducer configured as an 
actuator for Signaling a user of a device, Such transducer 
comprising 

a flexible sheet member including at least one outer 
insulating layer having conductive lead material, and 
an inner layer of electroactive material which is elec 
trically connected to the lead material, and 

a body of polymeric material having a wall portion 
forming an enclosure or device housing, and a region of 
the wall portion mechanically coupled with the sheet 
member for receiving vibrational energy therefrom and 
transmitting vibration through Said region as a Signal 
Sensed by the user. 

19. The transducer of claim 18, wherein said body is a 
polymer shell forming a device housing. 

20. The transducer of claim 18, wherein said body is a 
block of polymer material forming a mounting device. 

21. A method of forming an actuator for Signaling a user 
of a device, Such method comprising the Steps of 
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providing a flexible sheet member including at least one 
Outer insulating layer having conductive lead material, 
and an inner layer of electroactive material which is 
electrically connected to the lead material, and 

providing a body of polymeric material in contact with the 
sheet member for receiving vibrational energy there 
from and transmitting vibration as a signal Sensed by 
the user. 

22. The method of claim 21, wherein the step of providing 
a body includes the Step of injection molding Said body to 
said flexible sheet member. 

23. The method of claim 21, wherein the step of providing 
a body includes providing a polymer Shell affixed to the 
sheet member and forming a device housing. 

24. The method of claim 21, wherein the step of providing 
a body includes providing a mounting or a tone-radiating 
functional body Selected from among a block, a bracket, a 
horn, a Stand-off and a clamp. 

25. A signal transducer comprising 
at least one transducer layer of electroactive material and 

an insulating film, Said transducer layer of electroactive 
material extending as a sheet over at least one actuation 
region, and Said insulating film being shaped to adapt 
an assembly formed by Said inner layer and Said film So 
that the assembly positions Said inner layer to couple at 
least one of inertial, Vibratory and audio energy through 
a device to communicate with a user. 

26. A Signal transducer according to claim 25, wherein 
Said transducer layer Senses tactile pressure exerted by the 
user against a thin-wall portion of the device. 

27. A signal transducer according to claim 25, wherein the 
assembly positions the transducer layer to mechanically 
couple to a region of the device for effectively generating 
acoustic, vibratory or inertial Signals. 
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