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ABSTRACT

An acoustic sensor array, including a plurality of unitary acoustic sensor
elements; a plurality of transmission lines having opposing first and second ends
and defining a length therebetween, a respective one transmission line for each
of said plurality of unitary acoustic sensors, one of said transmission line first end
individually attached to a respective one of said acoustic sensor elements; and
wherein each of sajd transmission lines is configured with a series of undulations

along its length.
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lines and related methods

The following statement is a full description of this invention, in¢luding the best method of
performing it known to me / us:
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LOW PROFILE ACOUSTIC SENSOR ARRAY AND SENSORS WITH PLEATED
TRANSMISSION LINES AND RELATED METHODS
FIELD OF THE INVENTION
The present invention relates generally to disposable acoustic sensors for

capturing sounds from within the human body. The acoustic sensors are
particularly useful for non-invasive digital acoustic cardiography, phonography,
and acoustic spectral analysis applications.
BACKGROUND OF THE INVENTION

Recently, acoustic sensors have been used for the non-invasive detection
of coronary artery disease. See co-assigned U. S. Patent No. 6,278,890 entitled
"Non-invasive Turbulent Blood Flow Imaging System," the contents of which are
hereby incorporated by reference as if recited in full herein. Generally stated, in
operation, sensors are configured on a patient's chest (i. e., contacting the
external epidermal surface or skin} to generate an elecirical signat in response to
a detected acoustic wave. The detected acoustic wave signals are processed to
identify features that indicate the condition of a patient's coronary arteries,
specifically the presence or absence of lesions that limit the flow of blood through
the coronaries. An essentially uniform display indicates normal blood flow, while
a non-uniform display may indicate abnormal (turbulent) blood flow and/or the
presence of an occlusion.

in the above-described non-invasive systems, the acoustic sensors are
positioned over the chest cavity in an acoustic window as described in co-
assigned U. S. Patent No. 6,193,668 entitled, "Acoustic Sensor Array For Non-
Invasive Detection of Coronary Artery Heart Disease," the contents of which are
hereby incorporated by reference as if recited in full herein. In position, the
sensors are preferably configured over the intercostal space so as to reliably
generate data signals corresponding to the blood flow of the patient during each
phase of the cardiac cycle. The acoustic sensor is preferably designed to sense
the flexing of a patient's external epidermal surface (skin) that is a result of the
localized nature of the internal heart sounds. The sensor is also preferably easy
to position on a patient and inexpensive such that it can be a single use device,
which is disposable after use. In operation, the sensor is preferably configured to
be conformal to the chest configuration of a patient (which varies patient to
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patient) and is also preferably configured to generate the electrical signal based
on the flexure of the skin. Unfortunately, poor correlation of signals from improper
sensor positioning, array geometry, andf/or sensor configurations can adversely
affect the reliability and/or correlation of the detected acoustic signal. Indeed, one
potentially problematic sensor characteristic is that it can generate signals which
are not representative of the interested acoustic wave associated with the bloed
flow of a patient, i. e., it can be responsive to extraneous acoustic waves and
noise.

Conventional acoustic sensors can have poor signal to noise ratio (SNR) in
that they can be unduly sensitive to environmental noise (typically requiring a
special, quiet room be used for acoustic applications) or can suffer from low
sensitivity relative to its electrical floor. Other sensors have other performance
deficiencies such as inadequate sensitivity. In addition, many sensors are
relatively complex configurations which can make them expensive to produce and
difficuit to apply clinically.

An example of a conventional disposable acoustic pad sensor is illustrated
in U. S. Patent N0.5,885,222. The sensor includes a plurality of layers of various
materials connected at one end tc a substantially rigid electrostatic shield and
elactrical connector. Another example of an acoustic sensor is shown in U. S.
Patent N0.6.261.237. This sensor is a flexible thin-film sensor which includes a
foot portion and a two-piece piezoelectric film support. Still other examples of
acoustic sensors are described in U. S. Patents 5,365,237, and 5,807,268.
These sensors employ an air gap and a frame which acts to stretch and hold a
polymer film in tension. However, there remains a need to provide improved
sensors for the efficient and improved passive detection of heart and blood-flow
acoustics.

OBJECTS AND SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide an improved low
profile sensor which is configured to be substantially conformal to a patient's
external epidermal surface.

It is an additional object of the present invention to provide an improved
sensor which provides a high signal to noise ratio for the acoustic energy of
interest.
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It is another object of the invention to provide an improved disposable
sensor array with a plurality of individual sensor elements which are conformal to
the underlying epidermal surface when positioned on a patient and which are
proximately positioned one sensor to the next in a manner which allows an
increased number of sensor elements within an acoustic region of interest and
which positions the individual sensor elements such that they are separately
responsive to preferred acoustic wave lengths.

It is an additional object of the invention to provide a sensor array which
reduces the potential for undesired signal crossover along the separate electrical
paths for the sensor elements.

It is yet another object of the invention to provide a transmission path for
each of the individual sensors in a sensor array in a manner which reduces
mechanical and electrical crossover between the sensors and/or external
mechanical input into the sensor signal path.

It is another object of the invention to provide an improved method and
device to install and align discrete sensor elements onto a subject.

One or more of these objects of the present invention are provided by a
low profile acoustic sensory array which acts as a mechanical filter to minimize
the sensor's signal activation or response to extraneous and/or undesired
acoustic wavelengths or non-relevant acoustic wave components. Such a device
is selectively responsive to short wavelengths that cause flexure through the
thickness of the sensor, while resistant to longer acoustic wavelengths. The
longer wavelengths are typically associated with compression waves in the body
or in ambient noise within the examining room, and which can cause compression
through the thickness of the sensor. In operation, due to the differences in the
speed of the waves over a frequency band, shear waves typically have much
shorter wavelengths than the wavelengths associated with compression waves.
Stated differently, the sensor of the present invention is responsive to the flexural
mode of displacement created by short wavelengths of shear waves, and
substantially nonresponsive to acoustic inputs of the much longer compression

wavelengths.
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The present invention provides in one aspect an acoustic sensor array,
including:

a plurality of unitary acoustic sensor elements;

a plurality of transmission lines having opposing first and second ends and
defining a length therebetween, a respective one transmission line for each of
said plurality of unitary acoustic sensors, one of said transmission line first end
individually attached to a respective one of said acoustic sensor elements; and

wherein each of said transmission lines is configured with a series of
undulations along its length.

In a further aspect the present invention provides a method of
reducing/minimizing the mechanical and/or electrical interference between one or
more adjacent sensor elements and/or undesired system or environmental
mechanical input, in a flexure-responsive acoustic sensor array having a plurality
of sensor elements and a plurality of transmission paths, including the step of
forming a series of undulations in the transmission paths operably associated with
the sensor elements to provide mechanical damping therealong.

In still a further aspect the present invention provides an acoustic sensor
array, including:

a plurality of flexible compliant sensor elements having opposing first and
second outer surfaces, said first outer surface configured to attach to a subject
such that said sensor elements are substantially conformal to the subject; and

an undulating transmission line in communication with at least one of the
sensor elements.

One embodiment of the present invention provides a low profile flexural
responsive sensor array which is sized and configured to substantially reject
compression energy while responding to shear energy in the frequency range of
interest. The sensor array includes a plurality of proximately positioned sensor
elements. Preferably the sensor elements include two active surfaces, each of
which lies on opposite sides of a neutral layer, such that the sum of the two layers
produces a signal responsive to the flexure or change in curvature of the
underlying surface since, in operation, they are displaced from the neutral axis of

the structure.
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Another aspect of the invention is directed toward a low profile acoustic
sensor array. The array includes a plurality of longitudinally extending sensor
strips. Each of the sensor strips comprises a sensor frame having at least one
longitudinally extending rail having a length. The sensor strips also include a
plurality of acoustic sensor elements attached to the at least one rail. The sensor
element has a pliable configuration. The strips also include a plurality of separate
electrical signal paths, at least one (and in a preferred embodiment, two spatially
separate and opposing paths) for each of the sensor elements. The electrical
signal paths define a signal path from a respective one of each of the sensor
elements to a desired end electrical termination point.

Preferably, the sensor array signal path is configured such that each
sensor element includes first and second PVDF film layers and an intermediate
neutral core, each PVDF film layer has an associated internal PVDF film surface

(defining




10

15

20

25

30

the live signal paths and electrodes), and corrcspondmg ﬁrst and second extcmal :

_ ground surfaces (formmg the ground plane).

In a preferred embodiment, the frame is configured w:th first and second
transversely opposing sides. The ogposmg sides of the frame are spatially
separated along a major portion of the frame length and each of the sensor
clements is attached to a selected one of the frame sides.. In this embodiment, the
acoustic sensor element is sized and configured to extend between the senst.;»r frame
opposing sides. It is also preferred that the sensor clements are a.n‘anged on the
frame such that adjacent elements are anached to dlﬁerem sides of the frame.
Preferably, each of the strips is a unitary body along 2 major portion of its length
and the sensor elements are linearly aligned along the strip.

Another aspect of the present invention is dlrected toward an individual
acoustic sensor element. The acoustic sensor element comprises a resilient core
layer, preferably comprising a low pemumvxty mtncnal having a core thickness
and a first pliable material layer overlaymg and contacnng the core layer. 'I'hc first
phable material layer comprises a piezoelectrically active material arid ha.s

" opposing internal and extemal surfaces, The sensor element also includes»_a second

' pliﬁb]e material layer overlaying and contacting the core laypi- opposite: the first

pliable material layer. The second pliable layer comprises a i’aiezoe!ectﬁcally
active materjal and also has opposing internal and extefnal surfaces. The first
material Jayer includes a first _electrica] trace disposed on ﬁc internal surface and
the second material layer includes a second electrical trace disposed on its internal
surface. During operation, and in response to flexure of said‘sensor element, the
first and second electrical u-aces generate respective first and second voltages and
thé first and second voltages have opposing polarity.

In a preferred embodiment, the core cqrhpriscs neoprene and the first and
second pliabie layers are formed from PVDF. Also preferably, the core layer has a
first relative permittivity and the first and second plia‘b]é material layers have a
second relative permittivity. The first relative permitfiviiy is less than the second
relative permittivity. As such, the résulting capacitance of' the core may be such
that it is about an order of magnitude less than the PVDF. Ina preferred

-5-
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“embodiment, the core is sized to have a greater thickness than the PVDF layers.
_ Capacnance is related to the permittivity (¢ ), the area (A) and the thickness M, as

stated by the equation (C=eA); therefore, the core is preferably configured to have
a capacitance which is less than that of the PVDF layers. As such, the sensor
configuration will be such that the two permittivities typically differ by about a
factor of two (because the core is confi 1gured to be thicker than the PVDF),

An additional aspect of the present invention is similar to the multlple strip
array but is directed toward a single acoustic strip sensor array, the smgle strip

© array comprises a sensor frame havmg a frame length with at least one

longitudinally extending rail. The strip also includes a plurality of sensor elements :
attached to the rail. The sensor element has a pliable conﬂguranon - The strip also

“includes opposing spatially separate first and second electrical signal paths for each

of the sensor elements. The first and second electrical sxgnaj paths define a first
and second signal transnnssmn path from a respective one of each of the sensor
elements 1o a desired end electrical termination point. Preferab!y, the acoustic strip
sensor dcﬁnes a substantially planar profile along at ieast the frame when viewed
form the side. Ina preferred embodiment, the frame and sensor elements are sized
and configured (during operau_og and in.position on a patient) to flex in response to
flexural movement associated with shear waves while undergoing gross translation -

in response to Jong compressional waves (thus inhibiting sensor response

A associated with the long compressional waves), Préferably, the size of the acoustic

strip sensor elcmems are such as to allow intercostal placement on the subject. In
particular, each sensor element is sized and configured with dimensions of from
about 8 mm to about 11 mm in length and width may be suitable, however, other :
sizes may also be utilized. It is also preferred that the first and second electrical
signal paths are positioned to face each other on opposing sides of the core. In an
alternative preferred embodiment, a discrete mass or stiffener is pqsiti—oned to
overlay each of the sensor elements.

Another aspectrof the present invention is directed toward an acoustic
coronary artery detection method employing the differential signal output

associated with a flexed sensor as described above.

-6-
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Yet another aspect of the present invention is directed toward a lﬁelhod for
fabricating a strip sehsor. The method includes the steps of forming a unitary body
sti.-ip sensor foundation layer and forming a series of proximately positioned non-
contacting pads and a frame segment into the foundation layer. Two separate
opposing PVDF layers are positioned oﬁ opposing major surfaces of the foundation
layer. The PVDF layers include two major surfaces and an electrical signal path
formed on one surface and a ground path formed on the otﬁer The method also

~ includes the step of orienting the PVDF layers such that the electrical signal paths

of each of the PVDF layers faces the foundauon layer.. Preferably, aseries of
corresponding but electrically separate external traces are disposed onto the ma_| or
surfaces of t.he PVDF layers. . .
Preferably, the PVDF layers are selectively “actively” polarized about the
sensor pad regions and substantially non-activated about the long1tudmally
extending sides or ran]s Optxonally, predetermined poruons of the long1tudmally
extending sides can be heated to depolanzc selective areas of the longxtudmally
extending sides or rails. Ina preferred embodxment, a conductwe outer ground

plane is formed over the PVDF material such as by depositing a conductive \ -

. materigl layer or forming metallized mylar 6ver'ﬂ.1e'top and bottom. of the; PVDF .

matetial surfaces (the surfaces facing away from the core). -

An additional aspect of the present invention is dxrected to an accordion-
pleated discrete or unitized element sensor array. More particularly, this aspect is :
directed to an acoustic sensor array which comprises a plurality of unitary acoustic
sensor elements and a plufality of transmission lines ha\;ing opposing first and
second ends and defining a length therebetween, a respectwe one transmission line
for each of the plurality of unitary acoustic sensors. The first end of the
transmission line is individually attached to one of the acoustic: sensor elements,
Each of the transmission lines is configured with a series of undulahons along ns
length. In a preferred embodiment, the undulations are a series of continuous
pleated segments. _ '

Another embodiment of the present invention is directed to an acoustic

sensor. The acoustic sensor comprises a sensor element and a transmission line.

7.

-11-
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The sensor element comprises a resilient core layer comprising a low permittivity
material having a core thickness and a first pliable material layer sized and
configured to sandwich and overlay the core layer. The first material layer
comprises a piezoelectrically active material having opposing first and second
major surfaces. First and second electrical traces are disposed on the first major
surface of the first pliable material layer. The first pliable layer and associated
electrical traces define a respective first and second electrode such that when in

position over the core, the first electrode has an opposite polarity relative to the

* second electrode. Preferably, the sensor element also includes an exterior

conductive shield layer sized and configured 10 overlay the second major surfaé:é of:
the first materia] layer. ‘ )

“The sensor additionally includes  linear transmission fine attached to the
sensor element. The linear transmission line includes first and second ends and
longitudinally extends therebetween. The transmission line comprises a ﬁrst
pliable material layer extending from the first end to the second end of the linear
transmission line. The first pliable layer has opposmg first and second major
surfaces and comprises a p:czoelcchqca]ly active material. The transmission line
also includes first, second, and third. electrical-traces disposed on the first pliable
material layer in electrical communication with the sensor element first materjal
layer electrical traces. The ﬁfst and second electrical traces are disposed on the
first major surface and the third electrical trace is d1sposed on the second major
surface. The transmission line also includes first and second layers of 2 non-
conducting film configured and sized to overlay a major portion of the first and
second major surfaces of the first pliable material layer. The transmission line
additionally includes a first linear outer layer conductive strip configured and sizéd
to overlay a major portion of the first non-conducting film layer opposing the first
major surface of the first phab]e material layer and a second linear outer layer
conductive strip configured and sized to overlay a major portion of the second non-
conducting film layer opposing the second major surface of the first pliable
material layer. The first pliable material layer of the transmission line and the

sensor element is a unitary layer and the third electrical trace of the first pliable

-8.
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material layer provxdes an elecmea] ground operably associated with the first and

second conductive cuter layers of the sensor. In a preferred embodiment, the

acoustic sensor transrmss:on line is configured w1th a series of undulations along

its length.

Yet another aspect of the present mvennon is an acoustic sensor array,
compnsmg a plurality of sensor elements having first and second outer surfaces.
The first outer surface is configured to attach to a subject. The sensor anay also
includes a carrier member release-ably attached to the second outer surface of each
of the plurality of sensor elements to hold the plurahty of sensors in alxgnment In
operation, the carrier member is disengaged ﬁ-gm .the Sensor. elements after the
sensor elements are attached to the subject. In one embodiment, the sensor
elements are a set of discrete (structural]y separate) sensor elements and the carrier
member mamtams positional alignment of the sensor elemems for casmr
positioning onto a subject. Advantapeously, the camer member can also be used
for other sensor configura'uons and is particularly nseful for resilient or compact
flexural element conﬁguratxons (such as the stnp sensor embodiment descnbed

herein). -

‘An additional aspect of the present iﬁ've'n't_ioh is directed to a method of : ..

-minimizing the mechanical interference between one or more of adjacent sensors

and the end of the transmission line, For example, the method can minimize
interference between adjacent sensors and system or envirénmem mechanical
forces which potentially can be input to the sensor by mechanicaily isolating
flexure responsive acoustic sensor elements in arrays having a plurality of sensor
elements. The method comprises the step of forming a series of undulations in a
electrical transmission path to provide mechanical dampmg therealong. Preferab]y,
the acoustic sensor array includes a plurahty of sensor elements and a separate
electrical transmission path for each of said sensor elements and the method further
comprises the step of forming the sensor array such that the plurality of sensor
elements and associated sensor electrical transmission jaatl;s are physically separate
units. :

Another aspect of the present invention is a method of forming an acoustic

-9-
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sensor having a sensor pad region and a transmission line, comprising the stéps of
configuring a first unitary layer of PVDF film having first and second opposing

major surfaces with a laterally extending region having a first width and a

. longitudinally extending region having a second'width. Electrical traces are
- formed onto the first major surfaces of the PVDF layer. The sensor clectiical =~ -
' traces are arranged as rectangular shapes onto the lateral region of the PVDF layer

such that the lateral region defines first and second separate electrode regions with

opposing polarity. Electrical traces are formed onto the longitudinaliy extending

* region of the first and second major surfaces of the PVDF layer to define three

electrical paths. The first and second paths are formed on one majer surface to
prov:de the electrical signal path for the first and second electrode regions, and the
third path is formed on the opposing major surface of the PVDF layer and is
configired with a pnmary fi Inger portion. A resilient core is mscned onto a surface
of one of the electrode regions and non-conducting film is positioned to overlay

substantially the entire length of both major surfaces of the longitudinally

A extending region of the PVDF layer. A first electric shield material is positidned to

overlay the non-conducting film on the side opposing the first major surface of the
PVDF film. The first electrical shield iricludes a conductive secondary finger
portion. A second electric shield layer is p'rovided._. The second shield layer is
configured and sized to mirror the PVDF film shape and is positioned to overlay
the second major surface of the PVDF film in the laterally extending electrode
region and to overlay and contact the non-conducimg film in the longltudmally
extending region. The laterally extending region of the PVDF film is folded over
the core such that the first and second electrode regions are positiqned opposing the
other with the core is positioned intermediate thereof. The primary finger of the '
ground strip is folded over to provide a terminal connection for the éround. The
shield‘ material thereby provides a substantially continuous electric shield for the
extu-nally exposed sensor body. Preferably, the method also comprises the step of
forming undulations alon ga pomon of the length of the longitudinally extending
region.

Each of the sensors or sensor array embodiments of the present invention

-10-
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may also include one or more discrete masses or stiffeners positioned in one or
more regions of the of sensor element to facilitate the flexural response of the

sensor. Preferably, the discrete masses or stiffeners are positioned on the external

‘ surface (away from the patient’s skin) and can include a reflective surface 1o allow

photogrammetric alignment means for the convenient operation of the detection
system In one preferred embodiment, the discrete mass is about 5 grams of high-
density material and is laterally positioned to extend in a central region across the
width of the sensor pad. Advantageously, this discrete mass can improve the
sensmwty of the sensor element over a frequency band of mterest par'ucularly the
frequency band used in the passive analysis of comnaxy—generated acoustic sounds.

The present invention is advantageous because the low profile sensor array

" allows fora low center of gravity, is relatively easy to manufacture, and is _
resiliently configured to be conformal to the epidermal outer layer. In addition, the

low profile sensor can act as a mechanical filter such that it is responsive to shear -
waves but relatively non-reSponswe to compressive wave’]engﬂms in the frequency
range of interest. ‘ ' '

Further, the strip array sensor of the instant invention is configured ina * ,

smaller.package with a substantially constarit'a'n'd_ flat profile and is advantageously

.configured to-allow additional sensors to be spatially positioned with sepdrate ;-

electrical signal paths in close proximity, thereby allowing increased number of
sensor elements to be positioned on a patient in the region of interest.

Alternatively, the instant invention configures a series of aligned but

discrete conformal flexural sensors with correspondingly separate transmission

 lines which are configured to respond to shear waves while being substantially

non-responsive 1o acoustic inputs of compression waves in the frequency range of

" interest (typically 100-1000 Hz). Ina preferred 'émbodiment, the transmission

lines are flexible and configured with a means to substantially ﬁlechanicaily isolate
or dampen the transmission line from the other sensors and transmission lines in
the array in order to minimize any cross talk between the electrical sensor pathis or
to inhibit translation of undesired mechanical forces in the system cperational

environment. Also advantageously, a detachable carrier member can be used to

=11-
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minimize the installation or site preparation time needed by an operator to position

multiple sensors onto a patient.

Brief Description of the Drawings

- .. - Figure 1A is a schematic illustration of a sensor array assembly according
to one embodiment of the present invention. »

Figure 1B is a top view of a low profile strip sensor array according to the
present invention. ‘ ‘l .

Figure 2 is a cross-sectional view of the low profile sensor array taken
along lines 2-2 of Figure 1B, ' o

Figure 3 is a cross-sectional view of the low profile sensor taken along
lines 3-3 array of Figure 1B. .

‘Figure 4 is side view of the sensor shown in Figure 1B.

Figure S is an enlarged partial top view of an altemate embodlment ofa
sensor array according to the present invention.

Figure 5A is-an enlarged partial top view of yet anoth& embodiment of a
sensor array according to the present invention. : '

Figure 6 is a top view of a carrier 1init or foundation structure according to
a preferred embodiment of the present invention. Figure 6 also illustrates heat

applied to predetermined areas of the foundation structure to depolarize reglons of

" the PVDF film on the frame,

Fxgure 7 is a top view of a silk screen or external signal trace pattem _
according to the present invention.

Figure 8A is an enlarged top view of a single element sensor illustrating '
two electrode surfaces according 1o an alternate embodiment of the present |
invention. In this figure, the éigna] return covering the back of the PVDF film has
been removed for clarity '

Figure 8B is an enlarged top view of a sensor element shown in Flgure lB.

Figure9isa schematlc of a partial sectional view of the sensor element

taken along lines 9-9 of Figure 8B.

-12-
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Figure 10 illustrates a preferred array conﬁguratibn positioned on the
external skin or epi&erma] outer layer of a patient according to a preferred
embodiment of the present invention. |

Figure 11 illustrates a prefex_'fed array c'bnﬁguration with multiple strip
array packages positioned in an acoustic window on a patient.

' Figure 12 is a side schematic view of the sensor array shown in Figure 11.

Figere 13 is an electrical schematic of a sensor element according fo a
preferrcd embodiment of the present invention. -

Flgure 13A schematically illustrates the sensor’s voltage dlfferentaal signal
response corresponding to strain on the sensor_ conﬂgured as shown in Figure 13.

Figures 14a-14c illustrate a preferred embodiment of a sensor’s electrical

. response. Figure 14a illustrates the substantlal non-response associated with a

longer wavelength transmitted across e sensor situs w}ule Figures 14b and 14¢
show the vo]tage response (opposing polarity) ooncspondmg to flexure at shorter
wavelengths of intérest. As shown, the voltage polarity corrcspondmg 10 an
upward flexure i is positive for the upper PVDF layer and negative for the lower
PVDF layer and the polarities reverse for a downward flexure.

i+ Figure 14d schematically illustrates the -s_eﬁsor’s abilitytoact as a -

- mechanical filter, to inhibit generating a dctcctable'éignal re.sponse for long*

wave]engths‘according to the present invention. -

Figure IS5 illustrates a preferred sensor array system according to the
pl'CSI“Jﬂl invention.

Figure 16 and 16A are block diagrams of preferred methods of forming a
strip sensor array accordmg to the present invention. ‘

Figure 17A is a photographic image of a side perspective view of an
alternate sensor array configuration according to the present invention, the sensor
array shown in position on a subject, .

Figure 17B is an enlarged photograph of the sensor amray of Figure 17A.

Figures 18A and 18B are photographic images of a side perspective view
of the sensor array of Figure 17A.

-13-
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Figure 19A is a top view of a preferred embodiment of a sensor film i)ody
configuration suitable for forming the sensor element for the sensor array shown in
Figure 17A. , ' '

_ Figure 19B is a bottom view of the sensof film body of Figure 19A.
_ Figure 20A is an exploded diagram of a sensor body according to the .
present invention. . | .

Figure 20B is a sectional view of a sensor element according to the present
invention.

Figure 21A is a partial top view of a sensor film body and polyester layer
according to a preferred embodiment of the present invention. RS

Figure 21B is a partial top view of a sensor body having multiple layers
according to the present invention.

Figure 22 is a top view of a sensor body according to the present invention,

. the view illustrating four end terminations formed by a preferred embodiment of

the present invention. .

Figure 23 is an enlarged photographic image of the senﬁor end of the
sensor array of Figure 17A having a detachable carrier member according to the
present invention. G s

Figures 24A-E illustrate the use of discrete masses with flexure responsive -
sensors according to the present invention.

Figures 25A-C show the use of external stiffeners for flexure responsive
sensor elements accord_ing to the present invention. ‘Figure 25B illustrates a '
combination of added discrete mass and stiffeners according to the present o
invention.

Figure 26 illustrates a strip array with discrete masses according to the
present invention.

- 'Figure 27 schematically illustrates an operational shipping and application

method according to the present invention.

-14-
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Detailed Description of the Invention

The present invention now will be described more fully hereinafter with

reference to the accompanying drawings, in which preferred émbodiments of the

invention are shown. This invention may, however, be embodied in many different

_forms and should not be construed as limited to the embodunents set forth herein; -

rather these embodiments are prowded so that this disclosure will be thorough and

complcte and will fully convey the scope of the invention to those skilled in the

- art. Like numbers refer to like elements throughout, In the drawings, layers or

regions may be exaggerated for clarity.
The present invention relates to a Sensor array confi guration and

components thereof and an associated method for fabricating a sensor array. In the

" description of the present invention that follows, certain terms are employed to

refer to the positional relationship of certain structures i-elative to other structures.
As used herem, the term “longitudinal™.and denvauves thereof refer to the general
direction def ned by the longitudinal axis of the sensor array that extends between
the two ends of the sensor array. Thus, whén positioned on a patient; the
longitudinal axis will-extend along the length of the strip sensor. As used herein;
the terms-‘outer”, “outward™, “lateral” and derivatives thereof refer to the general -
direction defined by a vector originating at the longitudinal axjs_ of the-sensor array. .
and extending horizontally and.perpendicula.rly thereto. Conversely, the terms
“inner”, “inward”, and derivatives thereof refers to the genéral direction opposite

that of the outward direction. Together, the “mward and. “outwa.r " directions
comprise the “transverse” direction.

Referring now 1o Figure 1B, a preferred embodiment of a low profile
sensor array 10 according to the present invention is illustrated. ’Ihe sensor array
10 is configured to inhibit the sensor elemems 20 response to compresszon energy
to provide a selective output which represents substantially on]y the acoustic
energy of interest (shear waves having short wavelengths in the acoustic frequency
band of interest). Preferably, the sensor elements 20 includ_e two electrically active
layers, each of which lies on opposite sides of a neutral layer, such that the voliage

output of the two layers produces a signal output responsive to the flexure or
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change in the change in curvature of the underlying surface. As such, the sensor

array 10 is configired to act as a mechanical filter to filter the sensor’s response to

compressicn energy.

Generally described, the sensor array 10 includes a frame 15 and a plurality

~ of sensor elements 20. The sensor array 10 is configured with a center core layer -

75 and opposing (PVDF) outer layers 50, 60 which include piezoelectric 1aycr§'500'
and 600. As shown in Figure 9, each of the (PVDF) outer layers 50, 60 provides a
pair of spatially separated electrodes 501, 502, and 601, 602 which cicﬁne first and
second signal voltages 51, 61 with respect to ground 675. As is also shown in
Figure 9, each of the outer layers 50, 60 have an external surface 50a, 661) which
is electrically tied to the same electrical ground 675. The two opposing outer layer
electrode surfaces 501, 502 and 601, 602 are configured to provide separate
electrical signal paths (i.e., voltage outputs V,, V,, respectively) when the sensor -
20 is flexed as will be discussed further below. The signal surfaces 50b, 60a are
preferably provided by positioning signal traces 22 (Figure 7) on the a'pi:ropriate
surface of the PVDF layer 50, 60. That is, as shown, the inner facing surfaces of
the PVDF layers 50b, 60a, include electrical traces formed thereon.

The outer ground plane or surfaces §75 .are preferably i:rovided by applying
a conductive layer onto the outer faces of the PVDF layers 50a, 60b. For :
depositing or forming the electrical traces 22, 22° or the ground surface, any metal
depositing or }ayeﬁng technique can be employed such as electron beam
eva‘poraﬁon,'thennal evaporation, painting, spraying, dipping, or sputtering a
conductive material or metallic paint and the like or material -ovef the selcétca
surfaces of the PVDF layers 50, 60. The ground plane is preferably formed by
applying a continuous metallized surface over the entire outer surfaces of the
PVDF layers 50a, 60b to form a continuous shield. Of course, aliernative metallic
surfaces or techniques can elso be employed such as by attaching a conductive
mylar shield layer over the outer surface of the PVDF layers 50, 60. Preferably,
cénductive paint or ink (such as silver or gold) is appliea to the PVDF laye}s asa
thin planar layer such that it does not extend above or around the perimeter edge

portions of the signal paths of the internal traces 22, 22
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_ As shown in Figure 1B, the sensor array 10 includes a frame portion 15
with two longxtudma]ly extendmg side rails, a first 51de rail 16, and a second side
ra;l 17. Preferably, the frame 15 is configured such that the two side rails 16,17
are spatially separate along a major portion of the length of the frame 15,

A plurality of sensor elements 20 are positioned intermediate the two side
rails 16 and 17 such that each sensor element 20 is attached to at least one of the

sides 16, 17. Preferably, as shown, each sensor element 20 is attached to on]y one

" side, i.e., at a latera] attachment 18 positioned either at the first side 16 or the

second szde 17. Further preferably, as shown in Flgures 1A and 1B, adjacent
sensors are attached to different sides of the frame 15 and the lateral attachments
18 extend substantially about the center of the sensor element_20. As shown in

" Figures 1A, 1B, 2, 3 and 7, the sensor array 10 includes a first and second signﬁl
trace pattern 22, 22°. The trace patterns 22 22’ are the ; same and are con.f' 1gured to
"define two separate but corresponding active sensor clectncal signal regaons 25, 26,

27,28,29, 30 and 25’ 26°,27,28°,29°, 30’ ACTOSS the upper and lower PVDF
film layer sensor elements 20, 20°. The sensor array 10 is cdn:ﬁgumd such that
each corresponding sensor element elecu'icallsigna.l.region 25,25°, 26, 26, 27, 27,
28,28',29,29° and 30, 30 has a separat.e and ;:onésponding:e]ecﬁica] signal path::
25a, 252°, 263, 26a’,27a,27a’, 28a, 28a°, 29a, 295’, 30a, 302’ respectively,
defining corresponding but separate upper and lower signal paths 51, 61. As such,
11;1e electrical path for each sensor 25a-30a extends from a sensor element 20 to an
electrical termination or electrical connection pad 40. Although Figure 1A
illustrates only one PVDF signal layer, the opposing PVDF layer of the sensor
array 10 includes another (second or bottom) signal trace pattern 22’ spbstantially
similar to and configured to align with the top extemél trace 22 pattern shown,
including corresponding primed element numbers. That is, upon assembly or
fabrication, two of the PVDF layers shown in the left side of Fif;ure 1A are
disposed on opposing sides of a neutral core 75.

In a preferred embodiment, the electrical traces 22,22 are applied to the
respective PVDF outer layer 50, 60 such as by applying a silk screened conductive ,
ink or paint pattern, The ground plane is preferably provided on each PVDF layer

-17-

-21-



10

15

20

25

30

50, 60 by applying a continuous layer of conductive ink or paint thereon. The core
75 typically includes a neoprene layer with a thin film of adhesive on each side.

The PVDF layers 50, 60 are then secured to the core 75 10 sandwich the core

. therebetween. The electrical connections (pin terminations} are made in an external

connector and the upper and lower PVDF ground traces or surfaces 50a, 60b are
connected to a common ground 675 thereat. See U.S. Patent No. 5,595,188, the
contents of which is hereby incorporated by reference as if recited in full herein.

As shown in Figure 5, the sensor array 10° includes a frame 15 which can

" be configured to provide supplemental structural attachments 21 at selected areas

{such as at the ends) to further structurally tie the two sides 16?, 17 together to
help provide structural strength or positional integrity for the sensor.elements on
the array 10°. . This can be beneficial for sensor arrays 10’ which, once sterilized,
are enclosed in a Steri]_e underlying adhesive layer and sterile package for shipment
and stora;ge, 25 the sensor array is typically quickly peeled from its packaging:
during use. The additional mechanical reinforcement can minimize sensor element
20 disﬁlacement from the frame 15°. ’

Figure SA illustrates another preferred embodiment of a sensor array 10*°

: according to the present invention. As showm, the frame 15°* includes a single -

longitudinally extending side or rail 17* which is preferably widened relative to
the dual rail 'conﬁguration shown ib Figure 1B to provide adequate physical
separation (to minimize the potential for electrical Boupling) of the electrical traces
22p. Of course, the electrical traces 22b will be altered to extend along the single
rail 17”", -
Figures 2 and 3 illustrate a section view of a preferred embodiment of the A
low profile sensor array 10. As shown (in sectional view), the sensor array 10 is
configured such that the two j)iezoclectrically active (PVDF) outer layers 50, 60 of
the sensor array 10 (including the outer layers of both the frame sidcs- 16,17 and
sensor elements 20) comprise a first material having an associated first thickness
while a core or intermediate layer 75 comprises a second resilient material having a
second thickness. Figure 9 schematically illustrates the electrical configuration of

the sensor element 20 and will be discussed further below. The external traces 22,
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22’ are positioned on the respective top and bottom surfaces 50b, 60a (i.e, the
interior surfaces on a completed array assernbly) of the outer layers 50, 660.

- As shown, the core 75 thickness is greater than the thickness of the outer
layers 50, 60. Ina preferreel embodiment, the core 75 is an order of magnitude
thicker than the outer layer thickness More preferably, the core 75 has a depth or
thickness of about 600 microns while the outer layers 50, 60 are about 30 microns

thick. Itis also preferred that the core material be selected such that it has a

. relative permmmty which is less (and more preferably much less such as an order

of magmtude less) than the relative permittivity of the outer layers 50, 60. In one
embodiment, a suitable core relative perrmttmty value is about 5 or 6,

It is also preferred that the core material 75 be selected such that it is

. Tesilient or compliant (substantially incompressible material) and preferably has

low viscous losses. “Resilient”, as used herein, means that the core is sized-and

formed of a material which allows the sensor.array (al least the sensor element) to
be conformal to the underlymg surface when in position. Stated differently, the
core 75 is configured such that at least the sensor elements 20 are substantially
compliance matched with the body, i.e, to follow the shape of the underlying'
patient skin surface when positioned thereon. Preferred core materials include
nitrile, neoprene, latex polyel.hylene, or l'ugh-dens:ty polyethylene forms. In.a':
preferred embodiment, the core material is neoprene. Alternatively, the core 75 ©
cen be formed as a thin layer of insulator (a neutral center); allowing the two
opposing electrically active {ayers 50, 60 to be electrically separated and directly
responsfve to the flexure of the underlying surface.

In a preferred emboaimenl, the core 75 has a first relative permittivity and
the outer layers 50, 60 are first and second pliable material layers which have a
second relative permittivity. The first relative perminivity is less than the second
relative permittivity. As such, the resulting capacitance of the core 75 may be such
that it is about an order of magnitude less than the PVDF layers 50, 60. Ina
preferred embodiment, the core 75 is sized to have a greater thickness than the
PVDF layers 50, 60. The core 75 capacitance is related to the material and
configuration of the core 75. More particularly, the core 75 capacitance is related
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to the core material permittivity (e ), and the core configuration (area (A), and the
thickness (1)) as stated by the equation (C=cAJ]). In a preferred embodiment, the
sensor 20 is configured such that the capacitance of the core 75 is less than that of
the electrodes defined by the PVDF layers 50, 60.

_ Referring to Figures 2, 3 and 9, the outer layers 50, 60 are formed froma
piezoelectrically active material such as, but not limited to, .polyvinylidené fluoride .
{PVDF) or its copolymer with trifluoroethylene (PVDF-TrFe). As shown.in
Figure 9, electrodes 501, 502, 601, 602 are formed on both sides of the major
surfaces of piezoelectric film 500, 600. In this way, the PVDF material provide
outer layers 50, 60 which function as electrodes which can act as an '
electromechanical transducer and, as such, can be used as an acoustic sensor 20.
Generaily described, and as shown in Figures 14A, 14B, and i4C, the sensor 20 is
configured such that when the piezoelectric material is subjectcd to strain or stress
{flexure or curvature displacement) an electric potential or voltage proportional to
the magnitude of the strain or compression is developed across the thic!cn-ess of the
piezoelectric material. See e.g., U.S. Patent Application Serial No. 08/802,593, the

contents of which is hereby incorporated as if recited in full herein. A preferred

" -electrical configuration will be discussed further below: !

Figure 4 is a side view of a low profile sensor array 10 according to a
preferred embodiment. of the present invention. As shown, the sensor-array 10 is
configured such that each of the sensor elements 2530 and the frame 15 are in
(substantially) coplanar alignment along at least the top surface 10a of a rﬁajor
portion of the frame 15 region when viewed from the side (i.e:, the sensors :20; and
sides 16, 17 have the same material thickness and layers). More preferably, as
shown, the sensor array 10 (and the sensor array 10** with the single rail frame
15°%) is configured such that the elements 20 and the fram; 15 have the same
profile configuration along the top and bottom surfaces 10a, 10b. The sensor array
10 is substantially flush across the top and bottom surfaces 102, 10b. As shown, '_
the linear strip array pfeferably includes a top and bottom outer surface 10a, 10b

with a substantially constant and flat profile. Altemnatively, as will be discussed

further below, the top outer surface can include one or more discrete masses 900 or
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stiffeners 910 attached to the sensor element region to modify the response of the
flexural sensor element 20 (Figure 26).

o Figure 5 shows an alternate embodiment of a sensor array 10°. In this
embodiment, the lateral attachments 18’ extend about alternating forward and
rearward edges of the sensor elements 20. Also as shown, the sides or side rails
16°, 17" have a greater lateral length, providing additional area for the signal traces
22. The additional area can allow the separate paths to be spatially separateﬂ by a
greater separation distance or can.allow additional sensor elements 20 to be used
(ﬁore area used for additional traces needed for the additional elemems}:.' The
additional width of the sides 16', 17 can also help mmumze electrical cross talk
along the Icng1h of the signal path. Similarly, Figure SA 1llustrates a single-rail

the sensor arrays 10, 10°, 10” include a plurality of sensor elements 20 (preferably
more than four sensor elements, and more preferably‘s_ij'& Or more sénsor'elements).
Turning now to Figure 6, a preferred structural foundation layer 100 is
shown. The foundation layer 100 provides the structural foundation for the signal
traces 22, 22* which are preferably 'applied to the PVDF layers 50, 60 and attached
to the foundation layer 100, as will be discu.és;ed ﬁuiher below. AS shown, the
foundation Jayer 100 defines the.frame 15, the side rails 16, i? and the pads for the -
sensor elements 20, It also includes a neck portion 102 which separates the frame
ﬁpper portion which includes a resilient core material 10 a thinner ribbon portion
105 (which extends down to the terminal connection ends at the connector (not
shown)). In any event, the neck portion 102 of the frame 15 is preferably
configured to transition the sensor array from one thickness to another such that the
core 75 has a first thickness at the neck upper portion 102 but.substamially
terminates prior to the end of the neck lower Poftion 105 to a second reduced
thickness. Preferably, a shown in Figure 6, the sensor array 10is configured such
that the neoprene extends down until the area shown in cross hatch. A preferred
neo.prene stop zone 76 is shown at position A- A. Preferably, the ribbon 105 is
configured such that the PVDF electrically active surfaces do not contact. For

example, other thin insulating core materials such as a double sided polyethylene

embodlment of a sensor array 10”° accordmg 1o the presem invention. As shown,

21-
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film can be positioned such that it extends between the two inwardly facing -
surfaces of the PVDF layers 50, 60.
Figure 7 illustrates a preferred trace pattern 22, 22* which is, upon

. assembly, positioned onto the appropriate surfaces of the film layers 50, 60

forming the respective electrical regions for the sensor elements 25-30, 25°-30° and
respective signal paths 25a-30a, 25a’-30a’ which extend down the neck portioxi
102 and ribbon portion 105 of the sensor frame. As shm;vp in Figure 7, the

electrical pattern 22, 22’ includes a sensor pad active region 220 and linear traces

- 221. The trace pattern is disposed onto the piezoelectric layers 50, 60 as described

above. Preferably, it js formed by applying conductive ink, such as disposing onto
the outer surfaces of the outer layers 50, 60 a silver ink si}k screen pattern. While
particular conductive patterns are illustrated in Figures 7 and 5A, altemnative '
conductive patterns may also be used. For example, conducting paint, flex circuits;
foil or other coating or metal deposition methods and techniques may also be

employed. It is preferred that, if flex circuits are used, that they are configured or -

" attached 1o the foundation layer 100 so as to be transpércnt to the structure of the

- . sensor array to minimize any potential interference with conformance of the sensor

element to the body. ,
For clarity, it will be understood that, according to the present invention,

protective films or coatings may also be positioned over the PVDF “outer” layers

: forming the ground and signal planes (or traces) as long as they are applied so as to

be substantially transparent to the operation of the sensor elements. Therefore, as
used herein, the trace{s) 22, 22’ or outer layers 50, 60 can include traces or:laycrs
which are covered with moisture barrier coatings, adhesives, or other materials angi
are thus not truly “external” or “outer” as described for ease of discussion herein. '
Figure 8B is an enlarged view of a sensor element 20. Preferably, the
sensor element 20 is substantially rectangular with side dimensions of from about 8
mm t;) about 11 mm. In a preferred embodiment, as shown in Figure 9, the uppel;
and lower traces 22, 22’ are deposited onto the inwardly facing major suxfaces of
the (PVDF) layers 50, 60. As such, the electrically active regions defining the
signal paths include the pad regions 25, 25’ and the signal lead paths 25a, 25a°

272
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which are spatially separated a distance from top to_bonoi-n about a central neutral .
core 75. The PVDF'Iouter layers 50, 60 are preferably relatively thin (such as
below about 60 microns, and preferably about 30 microns) v}hile the core depth 75
a is an order of magnitude greater (above 300 n’iicrons, and more preferably above
about 500 or 600 microns). This conﬁgﬁration makes the thickness of the PVDF
layer 50, 60 relatively structurally negligible compared to the depth or thickness of
the core 75. As shown in Figure 9, the upper and lower signal peths 5022, 602a
defined by the trace patterns 22,22 are separated by a distance which is
substannally equal to the core depth 75a. ‘

Figure 10 schematically 1llustrates a preferred conﬂgurauOn of alow

profile sensor array assembly 120. As shown in Flgure 10, the sensor array

~ assembly 120 includes four laterally positioned linear sensor or strip arrays 120a,

120b, 120c¢, 120d in electrical communieation with e signal_ processor 150 (having
an opto-isolator 151). Figure 10 illustrates four sens'ur: arrays 10 positiened over
preferred intercostal spaces. See pendmg PCT and U.S. Patent Application Serial
Numbers identified as Anomey Docket Nos. 9023- ISIP WO and 9023-15, 16), the
contents of which are hereby incorporated by reference as if recited in full herein.
Figure 10 also illustrates a preferred pigtail"errahgemént for the sensor array
assembly 120.-As shown, the pigtail 120P preferaﬁly extenas off the sensor
elements toward the sternum of the patient, thereby allowing standard cord sizing =
notwithstanding the access to the patient (i.e., whether the eyster'n must be hooked
to the patient from the right o'r Iefit hand side.of the bed). Alternatively, as shown
in Figure 11, the electrical pigtails 120P can extend from the opposing side.

Similarly, Figures 11 and 12 illustrate a preferred low profile sensor array -
120 assembly positioned on a subject which comprises four linear array sensors 10,
the sensors having six sensor elements 20 each. Of course, alternative numbers of
sensor arrays 10 or sensor elements 20 on the arrays 10 can also be used (either in
combination or alone). Figure 12 illustrates the low profile acoustic sensor array
10 positioned on the skin 200 of a patient over an acoustic window above the

cardiac region of interest. Thus, the sensor array according to the present invention

preferably includes means for releasably securing the sensor array to a patient.

=23«
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Such means may comprise an adhesive layer which may be incorporated in o}
applied to cne side of the sensor array such as the adhesive layer 775 shown in

Figure 9. Suitable adhesives for releasably securing medical apparatus or devices

. to a patient are known to those of skill in the art. As shown in Figure 9, the sensor

array 10 also preferably includes a release adhesive 775 positioned along 2 major
portion of the lower external surface 60b to secure the sensor array to a paﬁent
during clinical use. Of course, sterile adhesive creams, double-sided tapes, and the
like can alternatively or additionally be used to position the array on the patient’s
skin. ' : :

Turning now to Figures 9, 13A, 13B, and 14A-C, preferred electrical and
operational schematics for the sensor elements 20 aré shown. As discussed above,
Figure 9 illusua;eswhepimeiecmcacﬁvnmerlaym'so:wmmudm
PVDF (or other piezoelectric polymer) portion 500, 600 and two corresponding
opposing first and.second interior active electrode surfaces,or layets 501, 502 and
601, 602. The iﬁten'or film surfaces 502, 602 each include a separate electrical
signal path 502a, 602a while the outer film surfaces 501, 601 are tied o a common

-ground 675.

Figures 9 and 13A-B illustrate that the PVDF is disposed on the first

~{upper) outer layer 50 with a polarity of negative to positive. That is, the major.

inner surface 50b has a posifcivé polarity while the major outer surface S0a hasa

: negative polarity. In contrast, the PVDF is disposed on the (lower) outer layer 60

with the reverse polarity; positive on the major inner surface 60a, and negati\ig on
the major outef surface 60b. Of course, the layer polarities could also be fevérsed
{i.e., the upper layer 50 can have negativé to positive while the bottom layer 60 can
have positive to negative). -

- As shown in Figures 14B and 14C, each of the outer laycré 50, 60 provides
a voltage (V, and V,) 51, 61 in response to flexure of the sensor 20, respectively,
even in response to long compressional waves. However, in response to gross
translation of the sensor 20 which does not result in flexure, no voltage wﬂl result.
Because the polarities are reversed, and because the core material and sensor

configuration provides a high degree of coupling between the two outer 50, 60
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active (electrical) layers, the absolute value of the volxégés for a particular flex or .

_ cqfvamré will be substantially the same. However, because during flexure or

curvature of the sensor, one layer is in compression and the other layer in tension,
the sign.of the voltage will be opposite between the two layers. Further, if
movement of the sensor does not re§ult in curvature of the sensor, then the polarity
of the sign will be the same between the two layers. Thus, the instant sensor
configuration is preferably configured to read the voltage differential of the two
voltages, that is the difference between the response voltages V,, V,.

. ‘Advantageously, as shown in Figure 133, the electrode confi gurétion is
such that the sensor 20 acts like a differential a;ﬁpiiﬁer 63. In operation, the sensor
arréy 10 takes the voltage differential of the two response voltages V,, V, to
generate a signal response which has an increased voltége value (approximatels'
doubled value) and, thus, can provide irﬂpro;led SNR pérformanoe. Further, for
non-flexure sensor excitation, the voltage polarities z'n_t-'such that ﬂic siéna] _
responses from eacii layer 50, 60 cancel each other, minimizing signal out],;»ﬁt for
non-flexure excitations. | - '

Thus, in operation, as schematically shown in Figu re 14a, fora non-strain
input such as a compression wave (typicall);' input 16 the sensors by ambient noise
that is carried by noise in the air, .or noise that is tx‘énsmitted"t}nou gh structural
vibration), both the top and bottom sensor Jayers see the same force, and without a
strain or flexure to cause a curvature in the layers 50, 60 tﬁe polarity of the voltages
are such that any signal response’is cancelled and no signal output is transﬁnined
for detection. In contrast, as shown in Figure 14b and i‘4c, the polarities of the
layers 50, 60 associated with the strain in the PVDF or outer (electrical response)
layers 50, 60 have opposing polarities. For example; for a given flexure in the
outer layer 50,and a (V )) response of 2 microvbhs, the (V, ) response may be about
(-2 microvolts), and the signal response for this flexure will thé'n be 2-(-2) or 4
microvolts. Of course, the magnitude of the voltage will vary according to the
degree of strain or curvature of the flexure. ' '

Figure 14a illustrates the substantial ﬁon-responsé’ associated with a

compression or longer wavelength transmitted across the sensor situs while
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Figures 14b and 14¢ show the voltage response (opposing polarity) correépénding
1o flexure at shorter wavelengths of interest. As shown, the voltage polarity
correspdnding to an upward flexure is positive for the upper PVDF iaycr 50 and
negative for the lower PVDF layer 60 and the polarities reverse for a downward
flexure. . ‘ .

In a preferred embodiment, as schematically shown in Figure 14&, the
sensor arrays 10, 10°, 10”, 10°*’are configured such thét they are selectively
responsive to shorter wavelengths 310 that cause flexure through the thickness of
the sensor element 20, 420, while being substﬁntially non-respbnsive or resistant to

longer acoustic wavelengths 300. The longer wavelengths 300 are typicilly '

_associated with compression waves in the body or in the ambient noise within the

examining room, and which cause compression through the thickness of the sensor
element. In opéraﬁon, due to differences in the speed of the waves or a frequency
band of interest, shear waves typically have much shorter wavelengths than the
wavelengths associated with compression waves. Stated differently, the sensor is
responsive to the flexural mode of displacement caused by short wavelengths of

shear waves 310, and substantially non-responsive to acoustic inputs of the much

. longer«compression wavelengths 300. At the same time, the sensor array-is.

configured to respond to shear waves having shorter wavelengths 310.. Thus, the
sensor array 10 of the present ihvenlion acts as a mechanical filter and inhibits or
minimizes the sensor elements from generating a detectable signal response for
long wavelengths at frequencies of interest. The sensors and sensor arrays
described herein include an operational range for the acoustic wavelengﬂ:s-' of
interest for the diagnosis and detection of coronary artery disease. Preferably, the
sensors include an operational renge of at least about 100-2500 Hz, and more
preferably a range of about 100-1000 Hz. Preferably, the sensor elements 20 are
configured and sized on the frame 17 to respond to shear waves at the operating
frequéncics of interest such as those characterized as having propagation vq:locitiés
of Jess than-about 25 m/s, or more in the range of about 5-15 m/s, and to suppress
or inhibit signal response for compressional waves or acoustic waves having a '

propagation velocity above about 100m/s. More preferably, the sensoris -
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configured 1o suppress response associated with the wave speed of compressional
waves in the air, typically a velocity of about 340 m/s and the response associated
with the wave speed of compressional waves in the body, thE compressional wave
velocities being typically about 1540 m/s in the body.

Figure 8A illustrates an alternative discrete or single sensor embodiment of
the present invention. The signal return covering the back of the film has beer;

removed for clarity. It is preferred that the width of the pigtail be configured and

" sized to hold the capacitance of a.signal trace below about 10% of that of a sensor

element. As shown, the single sensor 201 includes a positive signal 28.0_and
negative signal 281 electrical path which is fonhgd by the two PVDF layers 50,
60j similar to the electrical traces 322,322° foﬁned onto the outer PVDF layers of
the stnp array 10 discussed above. As shown, the single element 201 can be
formed by configuring four signal lines on é single sheet of PVDF material. The '
sing]e sheet is configured-to be folded, such as along the dotted fold lines shown,
to provide the two interior signal paths 280, 281 and the.ext'emal common grbund. .
The two grounds 290a, 290b are preferably formed by a metallized mylar shield
290 configured to provide a continuous planar electrical shield on one surface of * -

the PVDF material (the surface opposing the electrical traces 322,322?). The

.-electrical pin out can also be alternatively configured as will be appreciated by-one-

of skill in the art, '
' Figures 17A and 17B illustrate yet another preferred embodiment of an
accordion pleated sensor array 10*** which can advantageously minimize .
mechahical vibration and cross-talk between sensor elements 421, 422, 423 and

their associated transmission lines 431, 432, 433 whi}e also providing amechanic.é!
filter (to reject compression energy and allow selective acoustic response as |
discussed abave) acco-rding to the present invention. This low proﬁle acdustic_:
accordion array is also configured to selectively rc.espond to shear waves while
rejecting compression wave energy in the frequency range of interest. As shown; ‘
this sensor array 10°** includes muitiple discrete or unitized sensors 420 and
corresponding individual transmission lines 430 which are electrically connected at

a primary connector 450 and into the signal processor operating system 1501. As
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shown in Figure 17B, the sensor array 10°”* preferably includes three sensor
elements 421, 422, 423 with corresponding transmission lines 431, 432, 433. The

separate transmission lines 431, 432, 433 can substantially isoiate edch element

 and respective transmission line to thereby minimize the cross talk between

adjacent sensor elements.
As is also shown in Figure 17B, the transmission lines 431, 432, 433 are
preferably folded or formed with a series of undulations 435 along the length of the

transmission path (the transmission path extending between the sensor element 420

* to the primary connector 450). Although shown as formed with accordion type

“sharp™ creased or cﬁmped edges (“pleats™), it will be appreciated by one of skill
in the art that other mechanical damping configurations may also be used. For -

example, but not limited to, the transmission line can be formed with a series of

sinusoidal curves or-waves or folds formed along a portion of its length, or formed-

with alternating material widths (e.g., thin to wide, wide to thin), or a:combination
of fold or curve patterns, interposed extra material or alfernating material
composition, weight, and the like. As used herein, the term ‘ﬁ.uidulating” includes
the above mechanical damping configurations. '

Figures 17A and 17B illustrate'a preferred sensor array 10°** alignment.

As shown, in pesition on a subject,:the sensor.array 10”** positions the sensor pads
‘ Y. p P

421, 422, 423 such that the discrete sensor pads are configured as an array 10°”
with a plurality of unitized, separated, or discrete sensors; that is, the sensors 421,
422, 423 and corresponding transmission lines 431, 432, 433 are configured as
discrete alignéd segmehts in the array, i.e., they have “uﬁitized separation”; As
shown, the rear of the sensor pad 423b of the most distal sensor 423 (the sensor
positioned closest to the center of the subject’s chest} is proximate to the front
422a of the next adjacent sensor pad 422. The rear of that sensor pad 422b is
positioned proximate to the front 421a of the next sensor pad 421. Further
preferably, as shown, the sensor pads 421, 422, 423 are positioned such that they '
are substantially linear arranged and symmetrically extend relative to a horizontal
or lateral alignment axis A-A. Further, it is preferred that each of the sensor ;.Jads

is conformal to the underlying skin and the transmission lines are sized.and
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configured such each is spatially separated from the others (i.e., non-contacting

with the others)

The transmission line 430 preferably longltudmal]y extends off one end

. portion of the sensor pad (shown as the rear portion) 423b, 422b, 421b. Preferably,

the sensor array 10*** is configured and sized such that the transmission line for
eaéh sensor 430 extends off the sensor pad in a manner that, when connected to the
system connector 450 and securely attached to the surface of the patient, thé
transmission line 430 defines a concave contour along a portion of its length when
viewed from the side. That is, as shown by Figures 17A and 17B, the length of the
transmission line 430 is such that it is sufficiently long ;when in position so as to
provide a suitable amount of slack to prevent tensioning of the transmission line
when the primary connector 450 is lconnected to the siénal processing input port
1501. In addition, as shown, the sensor array 10"’ is cﬁnﬁgured such that the army
includes three discrete sensors 420, 'and each sensor 420 sensor pad 421-423 and
assocmted transmission line 430 is a substantial mxrror image of the other sensors,
SEnsor pads and u-ansrmsswn lines. However, the sensor array 10’** can include
altemnative:numbers of sensors such as 2, 4, 5 or more. In addition, the system can’
employ several of the multi-element sensor éﬁays 1'0”’ (such as four) of the tri<
sensor discrete element sensor array 10”°(not shown). ThlS plurality. of threé
element sensor amas’s 10°*? can reduce the number of patient interconnections
undertaken by a technician at patient application in order to prepare the equipment
for use, while still allowing twelve individual sensor pad elements to be used for
more precise acoustic detection on a patient. '

Figure 17A. also ilIﬁstrates a reﬂeclor 424 positioned on each of the sensof'
elements 420 to facilitate the detection systefn‘s_ photogrammetric recognition of the
positional alignment of the sensor elements 420 when on the body. The reflector
424 can be applied by \(ari‘ous means such as via reflective paint or by attaching ‘
reflective tape to the external (exposed) surface of the sensor element 420. See
e.g., co-pending and cb-assigned U.S. Patent Application identified by Attorney
Docket No. 9023-111P, to 'Van Horm, entitled “Methods, Systems, and Computer
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Program Producis for Photogrammetric Sensor Position Estimation.” The contents
of this disclosure are hereby incorporated by reference as if recited in full herein,
Referring now to Figure 18A, the sensor array 10*? is shown in a pre-use

position (not positioned on a subject). Each sensor 420 includes a sensor pad 420p

and a termination end 440. The termination end of the sensor 440 is connectedto .. ... ...

the primary connector 450. In a preferred embodiment, a mechanical termination
stiffener 441 is applied over the termination ends 440 adjacent the primary

connector 450 to help stiffen and support the relatively thin ends of the sensors

" 420, Préferably, the termination stiffener is formed of a non-conducting material

such as a transparenf film or the like. Suitable materials include polyester and/or

pblystyrgne and the like. Also preferably, each sensor 420 has a discrete cr

- unitized termination stiffener 441 which is spatially and mechanically separate

from the others to help isolate each of the signal phths from the others. The
termination stiffener helps provide sufficient strucrun;. for the relatively thin
flexible PVDF body. 420D (Figure 20A) onto which the connector or end
terminations can be attached. Of course, alternate structural énhancin'g means can
also be used as will be appreciated f:y those of skill in the ast.

As shown in Figures 18A and 18B, ﬂ:e transmission lines 430 each include
a plurality of undulations or plca:s 435 formed alonvgrthe‘lengﬂ] thereof (typically

under abouf 23 cm). Preferably, each transmission line 430» is configured the same

" as the others. In a preferred embodiment, as shovm,-each transmission liné 430

preferably includes at Jeast four undulations or pleats 435 serially formed in

. continuous repeating (non-interrupted) fashion along a major portion of the length

thereof. Of course, as will be appreciated by one of skill in the art, the number of
pleats, the shape, and the pattern or configuration of same can be alternatively |
arranged. The undulations or pleats 435 positioned along the u‘a_ilsmission lines
430 help to isolate the transmission paths so as to minimize the sensor array’s 10°”’
reaction 1o unwanted acoustic inputs between adjacent elements or lines or even
from vibration from a computer or processor or data system connected to the aray
for receiving the data signals associated with the flexure résponsive generated

signals. In another preferred embodiment, the pleats 435 or undulations begin
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substantially immediately after the sensor pad 420p and extend continuously about
every 0.5 inches or 1.25 cm (0.5 inches or 1.25 cm edge to edge) along the length
of the transmission line 430 until the termination end of the sensor 440.

1t is also preferred that the electrical lead lengths of the transmission lines

. 430 and each of the sensor_pads 420p are maintained as a constant size.and Jength

to allow for the differential sensing capability such as discussed under the section
describing the other sensor array configuration above,

Referring now to Figures 19A and 20A, a preferred embodinien_t ofa

" sensor body 420b is shown. Similar to the embodiment shown in Figure 8A, the

sensor body 420b includes a thin layer of piezoelectric film 420f (“PVDF”) having -
opposing first and second major surfaces 420f,, 420f,. The ﬁrgt major surface

4201, of the ﬁ]m includes an active metallized electrode surface 22e defining the

opposing sensor pad regions 420pl, 420p2. The first xﬁajur_ surface 420f, also
inclﬁdes the separate electrical traces 480, 481. Prefe'mbly, the electrical traces
outside the electrode regions are inactive, for example, by the trace regions not
being iﬁiﬁally polarized, or depolarized such that they actto éa&y of transmit
flexure signal generated by the electrode sensing regions.

The second-major surface 4201, of the PVDI‘; film layer 4201 (the suiface:
underlying the exposed surface shown in Fi‘gure 19A)is formed froma conductive

trace such as a conductive ink (but of course other methods for disposing a

' conductive trace can also be used such as those described hereinabove). As shown

in Figore 19B, the second major surface 420f, is preferably configured to provide
a continuous condﬁcﬁve active surface pattern 22e.' which includes the upper
portion of the “T” defined by the two pad portions of the sensor b§dy 420p1,
420p2. The second major surface 4204, also includes a trace 438¢ positioned
along one side:of the (PVDF film). This third transmission line or trace 438g acts
as a ground signal path or line.

In a preferred embodiment as shown in Figure 19B, the trace 438g is
preferably configured to extend a greater distance on the termination end of the
sensor 440 and thus form the long finger portion 440f of the termination end of the

sensor. This-additional length allows this portion of the sensor to be folded over to
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the other side of the sensor to align the ground signal line 438g with the signal

wransmission lines 438b, 438c for each of the electrodes 450, 460. As shown in

Figures 21B and 22, this termination configuration provides a four point
termination, one each associated with the electric shield “ground” 438a, the PVDF
film layer traces 438b, 438c, and the folded 438g ground trace. The four-point
termination connection for the primary connector 450 is thus configured on 2
single common conncction surface. |

The PVDF film layer 420f defines ﬁe acoustic sensor signal ]Sat}_:s 480,

. 481, and grourid signal path 438g for each of the sensor pads or electrodes 450,

460, including the active portion of the sensor pad 420p1, 420p2 and the '
associatgd transmission or signal paths 438b, 438¢, 438g. Sim_ilar to the operation
of the differential sensor 63 explained for Figure 13 and iBA, the PVDF film 420f
is preferably configured to provide oppoéing Sensor pads 420p1, 420p2 which act -
as eleotrodes 450, 460 having opposing polarities. Aé.s'}lqwu in f‘igure 20B, the
negative and positive pola;ity:associatcd with the upper and lower electrodes 450,
460 provide the differential configuration for the flexure induced voltages v,, v,.
Of course, as note for the above-described embo_dim_cm, the polarities can also be
reversed, but the sensor region is preferably,bonﬂgure.d'wit}{ opposing polarities for
the sensor pad in order to provide the differential t_iased operational scr;sing

configuration. In any event,.as shown, the PVDF film layer 4201 is configured to

- provide an upper electrode surface and a Jower electrode surface 450, 460,

respectively (the lower electrode surface and the surface shown in Figure 19A
disposed on the patient such that these surfaces face the skin of 1.hé patient).

Preferably, as shown in Figure 204, in order to form _the sensor assembly -
420, a layer of nonconductive material (such as polyester film) 499 is attached to or
applied to overlie substantially the entire length of both sides of the PVDF film
layer 420f along the linear transmission Jine 430 or trace portion of the sensor body
420b (excluding both sides of the sensor pads 420p1, 420p2 or upper portion of
the “T” region of the sensor body). Preferably, as is also shown, the polyester film
Jayers 499 end a distance away from the termination end of the sensor 440 --

substantially along a line shown by P-P in Figure 19A and Figure 21B. A single
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" sided or double sided adhesive-backed polyester tape can be conveniently used to

attach the‘polyest'cr layers to the respective PVDF film surface 4201, 420f,. Of

course, other adhesive or attachment means can also be used as will be appreciated

by one of skill in the art.

The sensor bedy 420b also includes a resilient core 75! which is applied to
one side of the sensor pad region of the sensor body 420b as shown by the arrow
associated with the core element 75° drawn in dotted line in Figure 19A. Figure
20A also shows the preferred assembly position of the core 757 relative to the
sensor pad 420p2 region of the sensor body 420b. In ppéition, the core ;75’ is
positioned to overlie and attach to the sensor pad 420p2 .(such as via an adhesive).

As shown in Figure 20A in double-dotted line, to form the flexure-responsive

sensor element 421-423, the PVDF film sensor pad 420p1 is folded over the

central core layer 75’ to overlie the opposing PVDF film sensor pad 420p2 as
shown in cross section in Figure 20B. The folded cdpﬁgtx}aﬁon of the sensor 420
(that is preferably only the sensor p'éd region is folded) is shéwn in Figures 18A
and 18B. ' ' ' .

As 15 also shown in Figure 20A, in this embodiment, first and second
layers of conductive shielding material layers 501, 502 are attached to the sensor
body 420b. :In a preferred embodiment, the shielding material layers are-metallized
film, and more preferably a thin sheet of MYLAR® film. The conductive

shielding material layers 501, 502 help 1o shield the sensor 420 to minimize the

introduction of electromagnetic interference into the sensor signal paths. As shown

in Figure 2.0A, the shielding material layers 501, 502 are sized and configured so
that they do not contact along the sensor pad region of the sensor, i.e., the -
perimeter edges of the sensor pad are not enclosed by the shielding matefia] layers
501, 502 when the PVDF film sensor pads are aligned over the core 75°. '

As shown in Figure 20A, the first shielding layer 501 linearly'extends from
the upper neck portion of' the sensor body to an end portion which is adjacent the
termination end of the sensor 440, In this embodiment, the first shielding layer
does not extend to cover the PVDF sensor pad regions 420p1, 420p2. Asis also
shown, the first shielding layer 501 ends at substanfially the same position as the
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polyester layer 499 but also includes a termination protfuéion end 438a which
Jongitudinally extends a further distance to align with the active signal
transmission lines 438, 438¢.

Figure 21A shows the preferred end point for the non-conducting layers
499 and the upper shielding layer 501. As shown, the material extends adjacent
but below the sensor pad regions 420p1, 420p2. Figure 21B shows the outer
shielding material layer 501 positioned on the PVDF film lhyer 420f. As noted,
the shielding layer 501 and the intermediately positioned polyester layer 499 end at

- a common termination line P-P for a major portion of the outer shielding material

layer 501. This configuration allows electrical access for the signal lines 438b,
438¢. This configuration also allows for electrical engagement with the ground

- path 438g when it is folded up to contact the shielding material layer 501.

As shown in Figure 20A, the second or opposing outer shielding layer 502
is configured and sized to substantially conform to the ﬁhapc and size of the:
unfolded PVDF ﬁhﬁ layer 4201, As such, it includes a “T” shaped body of which
the upper portion is preferably folded along with the sensor p>ad‘ 420p]. When
folded, the second shielding layer 502 provides a continuous electric shield for the
exposed major surfaces of the sensor pad 420p and also preferably ends into or
contacts the upper portion of the first shielding layér_-.Sﬂla at a lower edge 502a.
Accordingly, the two opposing'shieldin-g'layers 501, 502 provide a contiguous

" shield for the sensor 420 as shown in Figure 17A while the insulating polyéster

film layer maintains the electrical integrity of the internally disposed signél paths
438b, 438c. Similar to the first shielding layer 501, the second shielding laj'ef 502
also includes a longitudinally extending protrusion portion 438a’ positionedto
overlie the first protrusion 438a with the PVDF film layer 420f disposed
therebetween. Upon termination into the connector, the protrusion portions 438a,
438a’ provide the electrical continuity for the shield layers 501, 502. .
Figure 22 illustrates the electrical signal paths 438a, 438b, 438¢, and 438g
formed onto the sensor body 420b. The live sfgna] paths with opposing polarity
are 438b and 438¢, while the groﬁnd is provided by 438g ;md the shield by 438a,

438a*,
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Adv."mtageously, as shown in Figure 20b, the electrode configuration 450,
460 is such that the sensor 420 acts like a differential amplifier 63’ as discussed for
the embodlmem described above In operation, the sensor 420 takes the voltage
differential of the two response volmges V), V, 10 generate a signal response which

has an increased voltage value (approximately doubled value) and, thus, can

- provide improved SNR performance. Further, for non-flexure sensor excitation,

the voltage polarities are such that the signal responses from each layer 450, 460
cancel each other, minimizing signal output for non-flexure excitations.

Preferably, the sensor component materials such as for ﬁle core are selected
and configured as déscribed for the first cmbodixﬁent described herein,

As shown in Figure 23, the sensor array 10°7 preferably includes a

' structural support or carrier member 600 which is positioned over the exposed side

of the plurality of sensors 420 (the side away from the ﬁatient when in operable
posiﬁon). The carrier member 600 is release-ably secured to each of the plurality
of sensors 421, 422, 423, Thus, the carrier member 600 is used to maintain thé
sensor elements 421,422, 423 in a predetermined alighment 56 that an operator or
technician can remove the sensor array from a shipping paé:kage, attach the discrete
sensor elements 421, 422, 423 onto the patieiﬁ, and Strip the carrier member 600+
away, conveniently providing upitized instéllation for discreie sensers. The

underside of the sensor elements 421, 422, 423 preferably includes a layer of

adhesive which is configured to securely attach the sensor’s in position on a patient

dunng use as described for the first embodiment above (of course, the adheswe can
be directly apphed to the patient mstead) The carrier member 600 convemently
allows the technician or operator 10 easxly posmon the discrete individual sensor '
elements 421, 422, 423 onto the patient while maintaining the preferred alignment
positional relationship therebetween. Thus, the carrier member 600 is configured
to be temporarily attached to the sensor elements 421, 422, 423 (only during
shipping and patient apblication, i.e., attached during the time period prior to
sensor operation). Advantageously, the carrier member 600 can limit the number
of installation steps the operator must take to prepare the patient for acoustic

evaluation. Further, the carrier member 600 is configured to release or detach from
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the sensors 421, 422, 423 once the sensors are secured to a patient. Of course, this

carrier member can also be used with other flexibie low profile sensor arrays to

A help facilitate the positional and structural integrity while applying same to the

patient.

" __ This disengagement is preferably accomplished by disengaging an edge
portion of the carrier such as an exposed tab 601 and pulling the carrier mémbcr
600 away from the sensor elements 421, 422, 423 without distm'bing the installed

position of the sensors on the patient. Advantageously; the carrier member 600

 provides the installation convenience of strucmrally related sensors while also

allowing the structural isolation of the sensors during operation.

Figure 27 schematically illustrates the preferred product configuration with

_1he releasable carrier member 600. Step 1 includes a first carrier member 600 and

a second carrier member 619 used during transport or shipment to a use facility
(step 1). As shown, the second carrier member is an éaéily releasable (Ic-)w peel
strength) tape or the like which is uséd to protect and maintain the patient;adhesive :
material intact during shipment. Step 1 also shows that prior to use, the second '
carrier member is pulled away and released exposing the bottom of the sensor
elements and the adhesive thereon. Step 2 iliustﬁles.that,.once-the sensor elements
are secured 1o the patient, the top carrier member 600 can be puiled away leaving

the sensor elements exposed. Thus, the top carrier member 600 preferably has a

" peel strength which is less than the bond strength of the adbesive/patient

attachment. The top surface of the sensor clements can also include discrete
masses or reflectors as will be discussed further below. Step 3 illustrates the
positional alignment of the sensor elements 420 provided by the fixed structural
relationship via the top carrier member 600 during positi-oning onto a patient.

Thus, conveniently, once the top carrjer member 600 is stripped away, the Sensor
clements 420 are in position and ready for acoustic operation. The carrier member
600 is particularly helpful for discrete element sensor arrays 420, but the present
jnvention is not limited thereto, and can of course, be employed with the strip array

10 embodiment described herein.
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Another preferred embodiment of the present invention includes a sensor
array 10”°M as shown in Figure 24A. In this embodiment, at least one discrete
miass 900 or external flex stiffener 910 is added to the upper {éxposed when on a
patient) surface of each sensor element 420. This configuration can modify the
flexural response of the senser element 420 and may improve the coupling of the
sensor.” Preferably, the discrete mass 900 or external stiffener 910 extends acrdss
at least a portion of the short dimension of the sensor element. It is also preferred

that the mass (or stiffener) be sized and configured on the sensor element 420 such

" that it is locally discrete as opposed to distributed (distributed ﬁeéﬁng extending

continuously across the long dimension of the sensor elémem).

In a preferred embodiment, as shown in Figure 24A, a centrally. positioned

" discrete mass is positioned on each sensor element 420. Preferably, the mass is

formed from a high-density material such as a tungsten alloy, lead, or other heavy |
metal. A suitable discrete mass 900 weighs about 3-6 grams, and more preferably
about 4.5-5 gmxﬁs. Typical dimensions of the discreté mass is about 0.2x 0.2 x
0.42 inches (or about a Smm length across the short dimension of the sensor pad).
Examples of discrete external stiffeners include a layer of material having a '
different (more rigid) stiffness as compared to the PVDF layers or the core.

- Figures 24A-E, 25A-C, and Figure 26 i]iustrate exémplary discrete mass

and stiffener configurations according to the present invention. Figure 24B

' jllustrates a plurality of discrete masses 901 positioned on opposing ends of the

sensor elements 420. Figure 26 illustrates a discrete mass 900 positioned on the
strip array 10. 'Figure 24C illustrates a discrete mass 900 positioned on the sensor
element 420 and a discrete mass 900 and a second discrete mass 9002 positioned
on the transmission path 430. Figure 24D illustrates a plurality of discrete masses
900 positioned onto the sensor pad 420. Figure 24E shows a plurality of
alternately configured discrete elements 902 positioned on the sensor eIerhent 420.
Figure 25A illustrates a. ﬁair of opposing external stiffeners'910 positioned onto
the sensor element 420 while Figure 25C illustrates a single center stiffener 910.

Figure 25B shows that the stiffener 910 can be combined with a discrete mass 900.
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The reflectors (424, Figure 19A) or a reflective material can also be

7 éonVenienﬂy applied to the exposed surface of the stiffener 910 or discrete mass

900 to facilitate system positional operational alignment as discussed above.
Additionally, the stiffness of the sensor élement 20, 420 can be adjusted by

seiecting the core materials to provide a different more stiff resilience at.one.or

more regions in the pad‘ such that the stiffer regibns extend in at least one regioril

across at least a portion of the short side of the sensor.

. Fabrication

As shown, in Figures 1A and 1B, in a preferred embodiment, the sensor

array 10 is fabricated as a unitary body. That is, unlike conventional sensors, there

is no requirement to assemble discrete sensor elements onto an underlying
electrical ribbon. Preferably, at least the frame 15 and sensor elements 20 are
configured as a unitary body, and more preferably, the éensor array itself 10 is an:
entirely unitary Bod& (i.e., a single piece construction comprising multiple layers
but no discrete components excepting an electrical interface éoimector (not shown)
which is adapted to be engaged with the electrical terminations 40).

For the embodiment shown in Figuré 17A, it is preferred that the core 75°

" be extruded, molded, formed, or cut, and that ‘after the electric shield layer and

other layers are positioned (and the sensor pad folded), the undulations be formed

" by mechanically crimping the assembled sensor at desired spacings along its

length. Of course, other crimping means or forming means such as specialized
tooling can also be used to configure the undulations onto the sensor body as ﬁll
be appreciated by those of skill in the art.

Figure 16 shows a block diagram describing a p}efcrrcd method oi_'
fabricating a low profile sensor having two Separate PVDF layers according to the
first described embodiment. Afier the foundation or core is formed (i.e., such as
cut or extruded), the outer léyers 50, 60 are attached thereon to forxﬁ the strip {
sensor (Block 300). The foundation layer is cut so that a series of proximately
located and non-contacting pads are formed anto Ia frame éegmem in the

foundation layer (Block 310). An electrical sig,nal path is positioned onto each of
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the outer layers (PVDF film) which is then secured to the foundation layer (Block ‘
330). o |
Opticnally, the PVDF film may be selectively activated, i.e., only selected

regions such as the sensor pad regions are actively polarized. Alternatively,

. selected portions of the PVDF film may be substantially deactivated by applying

heai thereto (Block 350). As will be appreciated by those of skill in the art, in
order to appreciably enhance the piezoelectric effect in the PVDF material, the
material is typically exposed to an.appropriate electrical poling potenﬁa] across the
thickness of the film for an extended period of time. As used herein the term
“selectively activating” or “selectively polarizipg" thus means exposing selected
regions of the PVDF material to an electrical po!ifng potential to enhance the
piezoelectric effect in the film. 'Thus, during manufacturing, exposing only the
sensor pad regions and not the rails can minimize the “éclivg” nature of the rails
and/ér non-sensing areas of the PVDF film thereby providing substantially *“non-
active” regions. In addition, as noteﬁ above, the entire sensor can be subjectéd to
the electrical poling potential, and then the rails can be “de-poléd” such as by
heating. Altemnately, of course, “selective polarization or activation” is not
required. For example, the entire PVDF film cmp_loSred in the sensor can remain
piezoelectrically enhanced or."activated”, l

Figure 16A illustrates édditional preferred method steps. As shown, the

' frame segment is formed such that it includes a pair of longitudinal sides and the

series of non-cohtacting pads are arranged to attach to one side of the frame
segment (Block 312). Preferably, a pattern defining a plurality of elec_:u-icaﬁy
separate external traces are disposed onto a surface of each of two PVDF layers
(defining a corresponding top and bottom electrical trace which is associated with
each of the longitudinally extending opposing sides and the sensor pads) (Block
335). Also preferably, as shown by (Block 340), the disposing step is performed
by applying a conductivé layer with a trace pattern such as via conductive ink anﬂ
the two PVDF layers are attached to the foundation layer such that the signal traces
face each other and contact the foundation layer. (Block 345).

Preferably, for extruding the core 75 or 75°, or for the foundation-forming

-39-

-43-




10

15

20

25

30

step, a neoprene core material is inserted into a die.. As discussed above, the PVDF

_material is prefefably introduced onto the core layer 75 (75} such that a first outer

layer S0 has a first polarity and a second outer layer 60 positioned contacting the

~core 75 6pposing the first outer layer 50 has a sécond polarity, the second polarity

being the reverse of the first polarity. Preferabiy, the fabrication process ..
introduces the core material into the forming, cutting or extruding machine _such'

that it terminates in the finished extruded product at a longitudinal distance away

* from the frame along the foundation layer (100, Figure 6). The frame pattern is

then ﬁui to form the foundation layer (which includes the core 75 and two opposing
outer layers 50, 60 as discussed above). In a preferred embodiment, the foundation

layer defines a linear arrangement of a plurality of sensor pads. .An electrical

- signal path is positioned onto the external surface of the foundation layer 100.

Preferably, the electrical trace pattern is introduced onto the PVDF layer by
applying a conductive ink in a silk screen pattern thereon. Preferably, a conductive:
electrical trace pattern is disposed onto two (preferably pianar) separate surféces of
the two PVDF layers, the top cuter surface and t_he bottom oﬁier surface 50, 60.

- The electrical pattern includes a sehsor pad active region 220 and linear traces 221.

Further preferably, the same pattern is disposed as an external trace onto each

- transverse outer surface, such that the sensor array has two sci:aratc signal paths for

each element 20, the signal paths separated by the core material depth or thickness.

" QOptionally, as noted above and illustrated by Block 350, the PYDF can be

selectively polarized or selected portions of the outer layers can be de-pollarizcd‘
For example, as scflematically shown in Figure 6A, the frame portions which carry A
the linear external trace portions can be non-activated or heated to deactivate the ~
PVDF material in that area to minimize the potential f'of signal excitation in this ‘
area so as to inhibit interaction or activation along the length of the array.

Figure 20A shows a preferred method of fabricating a low profile sensor
having discrete elements as shown in Figure 17A. Generally described, a first
unitary layer of PVDF film is configured with a laterally extending portion having
a first width and a longitudinally extending portion having a second width. The

longitudinally extending portion preferably extends from a lower edge of a center
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of the lateral portion, thus forming a “T” shape configuration. Electrical traces are
formed onto both major surfaces of the PVDF layer. The electncal traces are

‘formed as a rectangular shaped sensor element onto the upper or lateral portion of
. the “T" such that this portion defines the two separate electrode regions with

_ opposing polarity. The electncal traces are formed onto the lower portion of the

“T* to define three electrical paths The first and second paths are formed on one
major surface adjacent to one side to provide the electrical s:gna] path for t.he first
and second electrodes. The third path is formed on the oppdsite side of the PVDF
layer (on the second major surface). The third path preferably includes a primary
finger portion. The third path forms the electrical grouhd ana extends along the
side of the second major surface opposite the side the first and second paths are
formed on the first major surface, )

‘A resilient core (such as neoprene) is inserted onto the top surface of one of
the élcctrodc_ regions. Linear strips of non-conducting film is positioned to overlay
the lower portion of the “T”. A first electric shield material (suchas MYLAR®) is.
positioned to overlay the lower portion of the “T” over the ndn;conducting
(polyester) film on the side opposing the first major surface of the PVDF film (the
side with the first and second electrical paths) and ﬁreferably. includes a corductive
finger portion. . This conductive: shield layer does riot extend into the electrode
region. On the second outer sﬁrface, a “T” shaped conductive shield layer is .
configured and sized to mitror the PVDF film shape,;. This outer conductive shield
layer is positioned to overlay the second major surface of the PVDF film in the

electrode region and to overlay and contact the nen-conducting film in the linear

. transmiszsion layer.

The laterally extending portion of the PVDF film with the outer shield
thereon is folded over the neoprene core such that the first and second electrode
regions are positioned opposing t}xe other with the core in contact with each and
positioned intermediate thereof. The finger of the ground strip is folded up to |
contact the first conductive shield material thereby prcviding a substantially
continuous electric shield for the sensor while maintaining the electrical integrity

of the electrode sensors. The transmission line is then preferably crimped at
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predetermined portions to create the undulations along its'length. The sensor is
then preferably combined with a plurality of other sensors and packaged as a
sensor array. The sensor array preferably includes a carrier rﬁember which is
configured to hold the sensor elements in positional alignment until the sensor
cl_émt_mt_s are secured 10 the patient. At that point, the carrier member can readily
be det;ached from the individual sensor elements leaving them in place (iﬁ ‘
predetermined alignment) and structurally separate and physically isolated from the
others. Statcd differently, the sensor array is configured with a plurality of unitized
sensors held by a unitizing member, and after applying the unitized array to a
patient, the unitized member is readily removed leaving'the sensors secured to a
patient in a predetermined alignment. ’

Advantageously, the instant invention can providé a low profile sensor
package which can be more responsive to acoustic signéls measured on the -
external epidermal layer (conforms to patient chest area and flexes in Tesponse to
chest movement). Further, the instant invention provides a smaller array' package
with closely positioned separately electricaﬂy activated sensor elements thereby
allowing additional sensors in a smaller region to aliow a more discerning sensor
measurement. Further, the sensor array can Selccﬁvely respond to the shorter
wavelengths for the acoustic wave input of interest vpa.rticularly those associated
vﬁth evaluating coronary artery disease. )

It will also be 'appreéiated that the PVDF can be selécﬁve‘ly activated in the
sensor pad region as described above (or the PVDF be deactivated in the non-
sensor pad region, preferably at least along the electrical traces) fbr all of the
embodiments described herein. .

It will also be appreciated that the sensor elements 20,420 canbe

alternatively configured such as but not limited to a triangle, square, circle,

- parallelogram, octagon, and the like. Similarly, the discrete masses 900 or external

stiffeners 910 can also be configured in alternative shapes such as but not limited
to a triangle, square, circle, parallelogram, octagon, and the like.
While one embodiment of the present invention has been described with

respect to a frame having two sides or rails, the present invention may also take the
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form of a single frame or single rail member with sensors formed on one or both

sides of the fljamé or rail or alternatively, discrete element sensors. . Accordingly,

thé present invention should not be construed as limited to structures witha

particular number of frame members or with a particular configuration of the frame

but should encompass any frame structure or discrete sensor structure which allows

for the differential operation of the sensor array according to the present invention.
The foregoing is illustrative of the present invention and is not to be

construed as limiting thereof, Although a few exemplary embo_dimeﬁts of this

' invention have been described, those skilled in the art will readily appreciate that

many modifications are possible in the exemplary embodiments without materially -
depam‘ng from the novel teachings and advantages of this invention. Accordingly,

_ all such modifications are intended to be included within the scope of this

invention as defined in the claims. In the claims, meanS-plus-ﬁmcﬁon clauses are
intended to cover the structures described herein as performing the recited function
and not only structural eqpivalents but also equivalent structures. Therefore, it is
to be understood that the foregoing is illustrative.of the presénf invention and is not
1o be construed as limited to the specific embodime_ms disclosed, and that
modifications 1o the disclosed embodiments; as w.e][’as other embodiments, are
intended to be included within the'scope of the appended claims. The inventionis -

defined by the following claims, with équivalems of the claims to be included

1he;ein.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1, An acoustic sensor array, including:

a plurality of unitary acoustic sensor elements;

a plurality of transmission lines having opposing first and second ends and
defining a length therebetween, a respective one transmission line for each of
said plurality of unitary acoustic sensors, one of said transmission line first end
individually attached to a respective one of said acoustic sensor elements; and

wherein each of said transmission lines is configured with a series of

undulations along its length.

2. An acoustic sensor array according to Claim 1, wherein said array is
configured such that each of said unitary sensor elements are structurally
separate and discrete from the others along the sensor element and transmission

line.

3. An acoustic sensor array according to Claim 2, wherein said undulations
are formed onto said transmission lines as a series of generally continuously

repeating pleated segments.

4, An acoustic sensor array according to Claim 1, wherein said plurality of
sensor elements include at least three linearly arranged substantially flat

elements.

5. An acoustic sensor array according to Claim 2, further including a
connector configured to receive a portion of each of said transmission line second

end portions therein.

6. An acoustic sensor array according to Claim 1, wherein said sensor
elements include a piezoelectrically active film configured to define two spatially
separated opposing electrode surfaces with opposing polarities, wherein during
operation said opposing electrode surfaces produces first and second voltages,
respectively, and wherein each of said sensor elements is configured to generate
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a signal output defined by the voltage differential between said first and second
voltages in response to flexure of said electrode surfaces.

7. An acoustic array according to Claim1, further including a carrier member
releasably attached to each of said sensor elements for ease of positioning the

sensor elements on a subject.

8. An acoustic array according to Claim 1, further including a plurality of
discrete masses, at least one attached to each of said plurality of sensor

elements.

9. An acoustic array according to Claim 8, wherein at least one of said

discrete masses includes a reflective surface thereon.

10. A method of reducing/minimizing the mechanical and/or electrical
interference between one or more adjacent sensor elements and/or undesired
system or environmental mechanical input, in a flexure-responsive acoustic
sensor array having a plurality of sensor elements and a plurality of transmission
paths, including the step of forming a series of undulations in the transmission
paths operably associated with the sensor elements to provide mechanical

damping therealong.

11. A method according to Claim 10, wherein the acoustic sensor array
includes a plurality of unitary sensor elements and a separate electrical
transmission path for each of said sensor elements, said method further including
the step of forming the sensor array such that the plurality of sensor elements and
associated sensor electrical transmission paths are physically separate units that
attach to a common electrical connsctor.

12.  An acoustic array according to Claim 1 or Claim 10, wherein said sensor
elements include:

a resilient core layer inciuding a low permittivity material having a core
thickness;
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a first pliable material layer sized and configured to sandwich and overlay
said core layer, said first material layer including a piezoelectrically active material
having opposing first and second major surfaces;

a first and second electrical traces disposed on said first pliable material
layer defining a spatially separate first and second electrode, wherein in position
over said core, said first electrode has an opposite polarity relative io second
electrode; and

wherein said transmission line defines a generally linear undulated
transmission line attached to said sensor element, said linear transmission line
including opposing first and second ends extending therebetween, including:

a first pliable material layer extending from said first end to said

second end of said linear transmission line having opposed first and
second major surfaces, said first pliable material layer including a piezoelectrically
active material;

first, second, and third electrical traces disposed on said first pliable
transmission like material layer in electrical communication with said sensor
element first material layer electrical traces;

wherein said first pliable material layer of said transmission line and said
first pliable material layer of said sensor element is a unitary layer, and wherein
said third electrical trace of said first pliable material layer provides an electrical
ground operably asscciated with said sensor element.

13.  An acoustic sensor according to Claim 1, further including at least one

discrete mass attached to each of said sensor elements.

14.  An acoustic sensor array, including:

a plurality of flexible compliant sensor elements having opposing first and
second outer surfaces, said first outer surface configured to attach to a subject
such that said sensor elements are substantially conformal to the subject; and

an undulating transmission line in communication with at least one of the

sensor elements.

15.  An acoustic sensor array accerding to Claim 14, further including:
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a carrier member releasably attached to said second outer surface of each
of said plurality of sensor elements to hold said plurality of sensors in alignment
during positioning on a subject;

wherein said carrier member is disengaged from said sensor elements
after said sensor elements are attached to a desired location on the subject
without causing said sensor elements to move from the desired location.

16. An acoustic sensor array according to Claim 15, wherein said carrier
member includes an externally accessible tab.

17.  An acoustic sensor array according to Claim 14, further including a plurality
of discrete masses, at least one attached to each of said sensor elements.

18.  An acoustic sensor array according to Claim 17, wherein a predetermined

number of said discrete masses includes a reflective surface.

19.  An acoustic sensor array according to Claim 14, further including a plurality
of discrete stiffeners, at least one attached to each of said sensor elements.

20. An acoustic sensor array according to Claim 19, wherein a predetermined

number of said stiffeners includes a reflective suriace.

21.  An acoustic sensor array according to Claim 14, wherein the at least one
undulating transmission line is a plurality, a respective one transmission line for
each sensor element, the array further including a connector attached to a

plurality of the transmission lines at allocation away from the sensor elements.

22. An acoustic sensor array according to Claim 14, wherein said sensor
elements include opposing first and second electrodes having opposing polarities
and a center core having a thickness disposed therebetween, wherein said
electrodes are defined by a piezoelectrically active film, and wherein said core
thickness defines the separation distance between said first and second

electrodes.
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23. A method of forming an acoustic sensor element for an acoustic array of
any of Claims 1-9 or 14-20, each of said acoustic sensor elements having a
sensor pad region and a transmission line, including the steps of:

configuring a first unitary layer of PVDF film having first and second
opposing major surfaces with a laterally extending region having a first width and
a longitudinally extending region having a second width;

forming a sensor element electrical traces onto the first major surfaces of
the PVDF layer, the sensor electrical traces are arranged as a generally
rectangular shape onto the lateral region of the PVDF layer such that the lateral
region defines first and second separate electrode regions with opposing polarity;
and

forming undulations along at least a portion of the length of said
longitudinally extending region.

24. A method according to claim 23, further including:

forming electrical traces onto the longitudinally extending region of the first
and second major surfaces of the PVDF layer to define three electrical paths,
wherein the first and second paths are formed on one major surface to provide
the electrical signal path for the first and second electrode regions, and wherein
the third path is formed on the opposing major surface of the PVDF layer and is
configured with a primary finger portion;

inserting a resilient core onto a surface of one of the electrode regions;

positioning non-conducting film to overlay substantially the entire length of
the longitudinally extending region of the PVDF layer;

positioning a first electric shield material to overlay the non-conducting film
on the side opposing the first major surface of the PVDF film, wherein the first
electrical shield includes a conductive secondary finger portion;

providing a second electric shield layer configured and sized to mirror the
PVDF film shape, to overlay the second major surface of the PVDF film in the
laterally extending electrode region and to overlay and contact the non-

conducting film in the longitudinally extending region;
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folding the laterally extending region of the PVDF film over the core such
that the first and second electrode regions are positioned opposing the other with
the core is positioned intermediate thereof; and

folding the primary finger of the ground strip to overlay the first major
surface, wherein electrical contact between the first and second conductive shield
material at the termination end thereby provides a substantially continuous

elactric shisld for the sensor.

25. An acoustic sensor array substantially as hereinbefore described with
reference to the accompanying drawings.

26. An method substantially as hereinbefore described with reference to the
accompanying drawings.

DATED this 23rd day of April 2004
MEDACOUSTICS, INC

WATERMARK PATENT & TRADE MARK ATTORNEYS
GPO BOX 2512

PERTH WA 6001

AUSTRALIA

P20176AU02 PVF/KMJ
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