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Intracardiac Ultrasound Scanner Using A
Micromachine (MEMS) Actuator
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A bstract—Catheter-based intracardiac ultrasound offers
the potential for improved guidance of interventional car-
diac procedures. The objoctive of this research is the dovel-
opment of catheter-based mechanical sector scanners incor-
porating high frequency ultrasound transducers operating
at frequencies up to 20 MHz. Our current transducer as-
sembly consists of a single 1.756 mm by 1.76 mm, 20 MHz
PZT element mounted on a 2 mm by 2 mm square, 75 um
thick polyimide table that pivots on 3-pm thick gold plated
polyimide hinges. The hinges also serve as the electrical
connections to the transducer. This table-mounted trans-
ducer is tilted using a miniature linear actuator to produce
a sector scan. This linear actuator is an integrated force
array (IFA), which is an example of a micromachine, i.e., a
microelectromechanical system (MEMS). The IFA is a thin
(2.2 um) polyimide membrane, which consists of a network
of hundreds of thousands of micron scale deformable capac-
itors made from pairs of metallized polyimide plates. IFAs
contract with an applied voltage of 30120 V and have beon
shown to produce strains as large as 20% and forces of up
to 8 dynes. The prototype transducer and actuator assem-
bly was fabricated and interfaced with a GagePCI analog to
digital conversion board digitizing 12 bit samplos at a rato
of 100 MSamples/second housed in a personal computer to
create a single channel ultrasound scanner. The deflection
of the table transducer in a low viscosity insulating fluid
(HFE 7100, 8M) is up to 310%at scan rates of 10-60 Hz.
Software has been developed to produce real-time sector
scans on the PC monitor.

I. INTRODUCTION

ATHETER-BASTD intravascular ultrasound (IVUS) has

had success in the imaging of the vascular system and
has received significant attention in past years [1-3]. How-
ever, due to the large lumens and agymmetric geometry of
the heart, the conventional circular side-scanning geome-
try of thesc probes may he less suitable for some cardiac
applications. Attempts have also been made to develop
forward viewing IVUS transducer probes [4], [5]. More
recently, intracardiac ultrasound has become important.
Procedures that would benefit from intracardiac guidance
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inctuele endocardial electrophysiological (EIP) mapping,
valve repair and replacement procedures, repair of atrial
and ventricular septal defocts, and radio frequency (RI7)
ablation for the treatment of cardiac arrhythmias [6]. Sev-
cral diflerent approaches are being taken in the develop-
ment of intracardiac ultrasound probes. These approaches
include the use of traditional intravascular circular side
scanning probes in the heart that operate at {requencies of
12.5-20 MHz [6], side-viewing sector phased array probes
that operate at frequencies between 5 and 10 MHz [7],
civvilinear array probes that operate at a frequency of
8 MIlz (EP MedSystems, Mt. Arlington, NJ), and both
side-viewing and forward-looking two-dimensional arrays
that produce three-dimensional pyramidal scans and op-
crate at {requencies of 5--7 MHz [8], [9]. In this paper we
describe a forward-looking, single-channel mechanical see-
tor scanner that operates at a frequency of 20 Mz,

Intracardiac ultrasound would have advantages over flu-
oroscopy for the guidance of interventional cardiac proce-
dures, including improved soft tissue contrast and an abil-
ity to directly visnalize tissues during P mapping and to
continnally monitor the RF ablation process [10]. As an ex-
ample, in order to examine the ability of a high frequency
ultrasound probe to image ablated cardiac tissues, we per-
formed an in vitro RF ablation proeedure using excised
sheep myocardium, As shown in IMig. 1, unfixed, excised
sheep myocardium was ablated with a commercially avail-
able R ablation system then imaged using a 20 MHz PZT
transdncer that was lincarly translated across the ablated
arca of the tissue, The myocardium then was sectioned
along the line of the ultrasound scan and photographed
to provide a comparison. These experiments produced re-
sults similar to those of Kalman et al. (11]. The ullrasound
image shows that the ablated areas have an increased
echogenicity compatred to normal tissue at this imaging
frequency. This precedure would allow clectrophysiologists
to not only visualize in real-time where in the heart the RF
ablation was conducted, but also to determine the extent
to which the tissue has been ablated.

Both forward-looking and side-viewing devices have po-
tential intracardiac applications, Fig, 2 depicts the use of
a probe in these two ways. lor example, a forward-looking
probe could image sites of electrophysiological arrhyth-
mias. The probe could be inserted into the right atrium
to image the os of the coronary sinus near the tricuspied
valve [10]. Allernatively, the probe could be advanced into
the left atrimn via a septal puncture from the right atrinum
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Fig. 1. In vitro RI" ablation reswlts, (a) Photograph of scetioned 11 ablated sheep heart tissue, () 20 MITs translational image of ablated
sheep hoart tissne.

integrated force array (ITA) actnator, which is a microma-
chine (i.c., a microclectromechanical system (MEMS) de-
viee) is then used to i1t the transducer in order to create a
forward-looking soctor scan. The TI'A can be driven at AC
froquencies {10-60 Hz) to create real time sector scan im-
ages. In this paper we describe the prototype design, fab-
rication, and testing of this intracardiac ultrasound probe.
We hypothesize that, with this novel approach to the prob-
lem, we will be able to develop a device that will provide
high resolution forward-looking ultrasound images to im-
prove the guidance of interventional cardiac procedures,
thorchy increasing the efficiency and efficacy of those pro-
cedurces.

RV LV

(@) (b)

I, Mirruons
Tig. 2. Diagram of possible usages of (a} the forward looking probe,

and (b} the side viewing probe. ) . .
A. Mechanical Design

to image the vieinity of the pulmonary veins [2(a)]. These Fig. 3 shows a schematic [Fig. 3(a)] and photograph
areas are believed to be important sites for conduction ab-  [Fig. 3(b)] of the intracardiac ultrasound prototype. The
normalitics that can lead to atrial arrhythinias; therefore, {ransducer/actuator assermbly was fabricated by mount-
they are important locations for endocardial mapping and  ing a 1.75 mim by 1.75 min, 20 MHz PZT 5A piston onto a
RI* ablation procedurcs. In addition, a side-viewing de-  75-um thick, 2-mm square picce of gold-plated polyimide
vice could be inserted into the right ventricle from the  with silver condnetive epoxy (Chomerics, Woburn, MA).
right atrium via the tricuspid valve, and then could scan  Two 1.5-min wide, 1.0-mm long, 3-pm thick gold-plated
throngh the ventricular septum into the left ventricle. The polyimide Gims were altached to a 150-pm thick, copper-
imaging of the left ventricle could be used to continuously  plated polyimide support. The gold thickness on the films
monitor ventricular contraction in cardiac intensive care  was 0.2 pm. These films then were spread apart, and the
paticnts. transducer and table were mounted onto the films using

We proviously described a potential design for a side-  a thin layer of 5-minute cpoxy (Hardman, Belleville, N.I).
viewing scanncr [12], [13], but its development has not The two gold-plated films scrved as both the hinges upon
vet been completed. To this point, we have developed and — which the table pivots and the clectrical connections to the
tested a new type of forward-looking intracardiac probe. transducer. Two 4 pm silver ribbons {Sigmund Cohn, Mt.
The device consists of a single PZT clement mounted on  Vernon, NY) and silver epoxy wore then used to make the
a polyimide table resting on flexible polyimide hinges. An connections from the transducer to the hinges. After tho
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transducer assembly was completed, the IFA was attached
to the side of the polyimide table using water-soluble glue
(Prang, Maitland, I'L). This glue provided a secure attach-
ment in the imaging fluid, but it allowoed for easy removal
of the actuator in water, The probe then was immersed
in a small tube flled with HFE-7100 (3M, St. Paul, MN),
a low-viscosity electrically insulating fluid, for acoustical
conduction and to insulate the TFA when high voltages
arc applied.

In Fig. 3 the actuator is attached to only one side of the
transducer table. The actuator is able to pull on only onc
edge of the table, deflecting the ultrasound beam in one di-
rection from the center. The mechanical suspension of the
table was designed to provide the deflection of the beam
in the other direction when the TIFA is relaxed. The ten-
sion in the pivot flaps wilt cause the table to return toward
‘the center point, and the inertia of the table/transdncer
assembly will carry it past the center rest position, de-
flecting the heam in the other dircction to complete the
sector scan. In tests done with the structure moving in
air, the deflection of the structure appeared to be equal
in both directions with only one actuator nceded. Future
probe designs include an actuator on both sides of the ta-
ble being alternately powered to pull on beoth sides of the
table. Two actnators may provide a more controlled and
repeatable motion of the structure,

The linear actuator used to tilt the transducer, the IFA,
will be discussed in more detail. The 1FAs have been de-
scribed in previous publications [12-15]. These devices are
patterned on 2.2 pm thick polyimide films using standard
integrated circuit photolithography. IFAs were developed
and arc fabricated at MCNC. The fabrication is done with
a two-mask process using reactive ion etching (RIE) and
angled metal deposition. The IFAs are networks of hun-
dreds of thousands of metallized polyimide plates, which
form micron secale deformable capacitors. These flexible
capacilors contract due to the electrostatic force produced
when a differential voltage is applied across the plates,
The power consumplion of these devices is < 10 mW as
current flows through the device only during contraction
[12]. The entire TIFA structure consists of three columns
of networked colls and is 3-mm wide and l-cm long with
an active length of 8 mm. Each individual capacitive cell
is 30-pm wide, 2.2-pm thick, and has an air gap between
the plates of 1.7 pm. The schematics in IMig. 4 represent
a portion of the network of the TFPA cells and a single cell
in both relaxed and contracted positions. The individual
cells are organized into a brick-like pattern [Fig. 4(a)] to
maximize both the force produced by the device and its
strain.

B. Mechanical Analysis

When a differential voltage is applied across the capac-
itive cells of the TFA| the structure contracts in its length
dimension. Thig force can be determined via the electro-
static force equation adjusted for the situation in which
there are two diclectrics between the metal plates, poly-
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imide, and HFE 7100 which is,

eAV?

Foree = 1412 (1)
where ¢ is the dielectric constant of the mafterial between
the plates (HFE 7100, & = 7.39eq}, A is the plate area, V' is
the voltage across the plates, and L is the plate separation.
Because the foree in {1} is proportional to the plate area
and] inversely proportional to the squarce of the plate sepa-
ration, the eapacitive cells ean he sealed down in size and
still produce the same forces as a larger cell. This allows
the use of many small capacitors to maximize the force per
actuator arca. These IFAs have been driven at frequencies
up ta 20 KHz and voltage of up to 465 [14]. For our imag-
ing purposes, the [FAs wore driven at voltages up to £55
Volts at drive frequencies ranging tfrom 10-60 IIz.

In order to predict the dynamic behavior of the hinged
table assembly resulting from the TFA pulling on the side
of the table, it was necessary to develop models to predict
the resulting motion. We modeled the device by converting
the table and suspension into a siinplified model of a mass
and two springs. It was first assumed that the table and
transducer supported on the two flexible films could be
modeled as a mass suspended on the ends of two {lexible
cantilever beams under stress ag in Fig. 5(a). Aficr deter-
mining the equivalent, lincar spring constants for the two
cantilevers, we converted them to linear springs to simplify
the analysis. The hinged table then was modeled as a mass
suspended betwoon two linear springs as in Fig. 5(h).

The equivalent linear spring constant, &, of a cantilever
beam loaded at one end is given by [16],
3T

= 2)

where ET is the cantilover fexural rigidity and [ is the
cantilever length. Jacobson [15] derived an equafion to
determine the flexural rigidity of a dual material beam
carmposed of gold-plated polyimide using the method of
transformed scctions. This method determines an equiva-
lent single material beam by replacing the metal layer with
a polyimide layer scaled by the ratio of the clastic mod-
ulus of the metal to the elastic modnlus of the polyimide
to create a single material bheam with bending properties
equivalent to the dual material beam. Assuming that the
centroid of the system is located in the gold, which is in-
deed the case for these hinges, KT of the cquivalent heamn
can be determined using:

k ' 1 3 1. n 2
Il = tmot oper et tpitlys Eops et ( tpitlpi Lo )
12 12 tmetE'nwl 2

=+ Epit;ﬂidj)'i X

i 2
(—,‘Imﬂtdpiﬂ,‘mﬂt + tmetmet Fopet — ﬂpit’)’.piEp’i) (3)
2trrwt lEmEt

where diper is the gold thickness, {18 the beam width,
Biner 18 the elastic modulus of the gold, d,; is the polyimide
thickness, t,; is the beam width, and Ey; is the elastic
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Itig. 3. TIA /transducer assembly lor the forward looking device. {a) Schematic of device, {h) Photograph of early protobype.
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Tig. 4. Schematics of the integrated lorce array. {(a) A group of cells in the array, (b) a close-up ol a single capacitive cell, (¢) contraction of
the cells in the array, and (d) contraction of a single eapacitive cell.
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Fig. 5. Schematics of models for hinged table assembly: {a) model as built; (b) reduced one-dimensional maodel.

modulus of the polyimide. Using the dimensions of the
prototype hinges and the clastic moduli of gold (77.2
10° N/m?) and polyimide (2.6 + 109 N/m?), the EI of the
beam was determined to be 3.7% 107" Nm?, (2) then was
used along with the length of the cantilevers, { = 1.0 mm,
to determine an effective lincar spring constant, k, for the
cantilevers of .1110 N/m.

Using the model from Fig. 5(h), it. was possibic to deter-
mine a differential cquation describing the motion in the
z dimension of the mass when a force is applied by setting
the forcos acting on the mass equal to cach other:

da?
" =m——0 + 2kz. 4
/ di2 * (4
Using a Laplace transform of the homogeneous solution to
(4}, it is possible to determine the transfer function i with
respect to the complex frequency s for the suspension:

1

A = e

{5)
This transfer function leads to a characteristic equation of:
ms? + 2k = 0. (6)

This characteristic equation results in the prediction of a
single resonance frequency for the unforced structure given

by:
-y "

where & is the effective linear spring constant of each of
the springs and m is the mass of the transducer and ta-
ble. By using values for the calculated k& = .1110 N/m and
the measured mass of an asscrnbled tahle and transducer,
m = 2 mg, for the prototype structure, we calculated the
theoretical resonance to occur at 53.0 Hz. Immersing the
structure into the insulating fluild would be expected to
dampen the motion of the structure and would be repre-
sented by a dash pot in parallel with each of the springs in
the model of Fig, 5(b). The resonance of the structure in
the fluid would be expected to occur at a lower frequency.
In a future paper, the modeling of these structures will
be carried out further using finite clement simulations to
more accurately predict the structure’s motion.

Master Counter EPROM DAC
Clock
|
Nen-Inverting Invertin;
Amplifier Ampliﬂfr
+ Wavek -
‘aveform FA Waveform

Tig. 6. Block diagram of IFA differeniial driving circuitry.

C. Electronic Design

Circuitry was designed to supply a differential drive
voltage to the II'A and to trigger the imaging circuitry
for the nltrasound transducer. A block diagram of the IFA
drive circuitry is shown in Fig. 6. The drive system consists
of a master clock incrementing a 7-hit counter that cycles
through a lockup table of 128 voltage values in an EPROM
that is converted by a digital to analog converter (DAC)
to produce a triangle voltage wave output, This triangle
wave then is passed through twe high-power opcrational
amplifiers (Model 3584JM, Burr-Brown, Chicago, 1L) set
up in inverting and noninverting confignrations to produce
a high voltage positive wave and a high voltage negative
wave. This results in two triangle waves that are exactly
180%ut of phase with each other, These two high volt-
age waveforms are used to apply an oscillating differential
voltage across the capacitor cetls in the IFA. The master
clock that drives the IFA eircuitry also is divided by two
and used to trigger the imaging civcuitry to keep the entire
system synchronized and to ensure that the imaging lines
arc acquired at the same point in sach sectoring motion of
the TFA.

A block diagram of the imaging system uscd to obtain
the ultrasound data is shown in Fig. 7. The master clock
from the IIFA driving cireuitry was divided by two and used
as the trigger pulse for both the pulser and the signal ac-
quisition circenitry. The transducer was pulsed 64 times for
cach contraction and expansion ¢ycle of the IFA in order
to generatc a 64 line image for each sweep of the trans-
ducer. The ultrasound lines then were fed into an imaging
system bascd on a personal computer. A Hewlett Packard
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Fig. 7. Block diagram of digital imaging system.

8165A D’rogrammable Signal Source in conjunction with
a Modeal 3251, RE Power Amplifier (ENI, Rochester, NY)
was used to provide a bipolar, two-cycle sinusoidal pulse
with a peak-to-peak amplitude of 50 volts to the trans-
dneer. Following Lockwood ef al. [17], an expander {Matee,
Northhorough, MA) was placed in series with the pulser to
eliminate it from the circuit in receive mode, A (-junction
was used to drive the transdueer and carry echoes to the
receive portion of the circuitry. The received echoes were
passed through a Model 625 Broadband Receiver (Matee,
Northborough, MA), which amplified the signals before
they were passed through a band pass filter contered at
21.4 MHz (Mini-Circuits, Deer Park, NY). The Matee ro-
ceiver was used to envelope detect the filtered signals, The
RE detected signals from the receiver were fod into an
8012A Compuscope (Gage, South Burlington, VT) ana-
log to digital conversion board operating at 100 MSam-
ples/Sce that is housed in a personal computer. The digi-
tized data lines wore assembled using LabVIEW software
(National Instruments, Austin, 'I'X) to generate real-time
B-mode images with frame rates of 10 Oz This rate is
lirnited only by the software and could be increased if nee-
cssary by optimizing the code.

D. Transducer Design

The transducer was modeled uging PicroCAD Software
(Sonic Concepls, Woodinville, WA}, which nses the ane-
dimensional KTI.M cquivalent civeuit model. The simulated
results were used in order to optimize the area of the trans-
duecor for maximum powoer transfer from the pulser to the
transducer and to predict the complox impedance and the
pulse-echo response of the transducer. The material prop-
arties entered into tho softwarc model are contained in
Table 1. For this carly prototype trausducer, no match-
ing layer or clectrical matching network was used. The
model simulated the prototype transducer that we built
immersed in an HFE 7100 medinm.

In addition, this transducer also was analyzed using
standard diffraction theory to cvaluate its expected beam
characteristics. For the 1.75-min wide aperture with an op-
arating frequency of 20 MHz, the far-field transition point
will oceur at approximately 1 em, and the resolution at
that point will be (.44 mm.

084
B, Transdueer and Systern Bvaluation

The following experiments were conducted with the
travsducer /IFA assembly and the imaging system de-
scribed. The vector impoedance plot of the transducer was
measured and compared to results simulated using Piczo-
CAD. The pulse-echo waveforms and frequency spectra of
the table transducer then were obtained alter reflection
ofl of a polished aluminum block and compared to simu-
lations. Tn addition, the 5082 pulse-echo inscrtion loss of
the table transducer was measured as described by Sherar
and Foster [18]. The transducer/IFA assembly then was
used to image a wire phantom that consisted of a group
of wires arranged in a V patternn. The wires were spaced
2 mm apart in depth and 0.5 mumn apart laterally tor a total
width af 9 mun at the bottom of the phantom to produce
an. angle in the phantom of 414°, lor these preliminary
images, no r,f — xy scau conversion for the mechani-
cal sector scanner was performed. 'The detected RFE lines
were placed in a rectangular matrix and displayed as an
intonsity plot.

TTL, Rusuirs

In Scction II-B, a simplificd model of the hinged trans-
ducer assembly that modeled the structure as a mass sus-
pended between two springs was developed. This model
and the equations derived from it predicted a resonant fre-
quency of the structnre at 53.0 Hz. In experiments done
with the IFA /transducer assombly driven in air, a single
resonance of the structure was visualived using a micro-
scope with a calibrated graticule. This resonance oceurred
al a [requency of 56 Hz, which agrees well with the reso-
nance frequency predicted by the mass and spring model.
The diserepancies between the two values conld be due to
the fact that the IFA attached to the table also will affect
the mechanical resonance of the structure.

Fig. 8 shows simulated and measured vector impedance
plots of the table-mounted transducer immersed in the
HIE-7100 {luid. The simulated and measnred magnitude
plots agree well with cach other in amplitude and loca-
tion of the parallel resonance peak. The phases of the sim-
ulated and measured impedance plots differ quite a bit
though, The dilferences hetween the simulated and mea-
sured results are most likely duce to the fact that the model
is only onc-dimensional, and the actual device is three-
dimensional. A two- or three-dimensional finite element
model may be nocessary to get botter agreement. The
plots show that the parallel resonance of the PZT in hoth
the measured and simulated waveforms occurs at about
23 MII.. In addition, the magnitude of the impoedance at
the PZT resonance frequency is close to 50 Ohms, so the
power transfer from the 50 Chm drive civeuitry to the
transducer should be eflicient,

The gimulated and measured pulsc-ccho responses and
the corresponding power spectra are shown in Fig. 9.
The measured —6 dB and —20 dB pulse lengths of the
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Fig. 8. hinpedance plots of table-mounted transducer immersed in IIFE 7100 (luid. (a) Simulated, and (b) measured.

transducer were (.25 psec and 0.5 pscc, respectively, com-
pared to 0.16 psec and 0.48 psec for the simulated pulse.
The measured —6 dB bandwidth of the transducer was
25.2%, and the simulated —6 di3 bandwidth was 25.3%.
The simulated pulse and power spectrum are in reason-
able agreement with the measured results. These simula-
tions most likely would agree better if the simulation were
done in more dimensions than the one-dimensional KILM
model. The 508 pulse-echo insertion loss of the trans-
ducer was measured as —32 dB. This is slightly higher
than the —26 dB reported by Lockwood et al [19} for
a single-element, high-frequency transducer, but it is ex-
pected due to the lack of an acoustic malching layer and
electrical matching network on this early prototype trans-
ducer. However, this insertion loss compares well with that
reported by Sherar and TFoster [18] for a high frequency
PVDI' transducer, —35 dB, and is less than that reported
by Lucacs et al. [20] for a single element PZT sol gel trans-
ducer, —46 dB.

Fig. 10 compares a map of a wire phantomn used to eval-
nate the performance of our protatype [Fig. 10(a)] with
a B-modc image of the phantom acquired using the de-
veloped probe. Fig. 1(b) is a representative still from the
real-time image obtained by powering the IFA to tilt the
transducer and sector the beam across the phantom. In the
image, seven wires in depth are visible when the transducer
is 3 cm from the top of the wire phantom. The sccond two
wires are barely resolved at this distance, These results

are expected becanse those two wires are 1 mm apart, and
at 3 cm we cxpeet a beam width of 1.2 mm. By utilizing
the known depth information and the number of wires on
cach side of the phantom that are visible to the probe, we
were able to estimate that a sector angle of approximately
+5° was achieved in this image. Previous images of other
phantoms have led to sector scan estimates up to £10°.

1V. DiscussionN

We have developed an carly prototype of a forward-
looking intracardiac ultrasound probe that might improve
the guidance of interventional cardiac procedures. The
PZT transducer and the MEMS actuator that make up
the key components of the device were investigated and
deseribed in detail. The prototype device was interfaced
with a single-channel high frequency scanner using a per-
sonai computer platform., This imaging system was used to
producc real time B-scan images. This new single-channel
scanner might have distinel advantages over conventional
technologies. With the proper design, the centire actua-
tor and mechanical assembly could he fabricated using
conventional integrated circuit photolithograply, thereby
greatly decreasing its cventual cost. Also, only four con-
nection wires, two for the differential powering of the [IFA
and two for the ulirasound element, are necessary Lo power
the device. Therefore, the catheter could remain small and
flexible and would be able to traverse the necessary bends
casily as it is advanced into the heart.
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IYig. 9. (a} Bimulated pulsc-echo response of table transducer, (b) measured pulse-ccho response of table transducer, (¢} simulated power
spectrum of transducer, and (d) measured power spectrum of transducer,

The necessary imaging capabilities of catheter ultra-
sound probes will vary depending on the design constraints
for specific intracardiac imaging tasks. The prineiple trade-
off is the goal of achieving the highest transducer [requency
to improve spatial resolution versus the need for adequate
sensitivity and tissue penctration. We believe the probe
we have designed, which operates at 20 MHz, will oflor
advantages for the guidance of procedures requiring imag-
ing of the endocardial surface due to its lateral resolution
of 0.44 mm with tissue penclrations up to 1 o, This reso-
lution should be more than adequate for imaging the fossa
ovalis or the pulmonary veins as well ag imaging RE ab-
lation procedures, As was shown in Fig, 1, the depth of
penetration in heart tissue at 20 MHy is approximately
6 7 mm.

MMowever, in procedures such as left ventricular monitor-
ing from the right ventricle, which require the ultrasound
heam to penetrate the septim, this penetration depth may
not be sufficiont, and lower frequency transducers (10 MHz
or lower) may be more appropriate. For these types of ap-
plications, a total scan depth of 10 cm may be necessary.
A gignificant advantage of our design is that, in order to
change the imaging frequency, only the pievoeleetric clo-
ment needs to be changed, with very little need to redesign
other aspects of the system. This allows our probe to be
modified to fit the needs of cach individual application.

These initial resnlts are vory enconraging, but several

areas necd improvement in order {o produce a clinically
viable catheter scanncr. The defleetion of the transducer
needs to be inercased from the current sector angle of £5
10° to £30° to produce a more clinically useful sector scan.
This could be accomplished by developing integrated force
arrays that are fabrieated from polyimide films which are
twice as thick {1.4 pm) as the current devices (2.2 pr).
According to (1), this would double the foree produced by
the actuators and should, in turn, incrcase the deflection
of the ultrasound beam. A new fabrication run of custom
actuators is currently wnder way to approach this issuc.
In addition, efforts arc underway to maximize the flexibil-
ity of the hinge structure in order to minimize the force
required to Gilt the transducer,

The new actuator design also will produce other TFA
devices that arc only 1-mm wide compared to 3-mm wide
for the current generation of devices. These devices will
consist of ouly one column of networked cells, which will
decrease the force produced by the actuator but will not
allect the strain produced. It is not clear at this point if the
motion of the table is force limited or strain limited, so the
motion of the transducer that will resull Irom these new
1 mm 11"As remaing to be determined. Currently, the limit-
ing factor in the miniaturization of the probe is the width
of the TFA. Reducing the width of the TFA will allow for
the entire probe to be made smaller to allow for insertion
of the device into a smaller catheter sheath, Our current
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Fig. 10, Off-liue images made with digital imaging system with
20 MHyz transducer. (a) Map of wire phantom, and (b) still frown
real-time image of wire phantom,

(b

prototype would require a 12 French (O.D. = 3.82 mm)
catheter to house it, and a probe built with a 1-mm wide
WA conld be placed into a 9 Trench (0.D. = 2.86 mm)
catheter. This would inercase the numnber of possible ugses
for the probe.

Another area to be addressed is Lo improve the per-
formance of the transducer and the imaging system. An
acoustic matching layer will be added to the transducer
to decrease its pulse length, broaden its bandwidth, and
decrease its insertion loss. A thin layer of polyimide over
the frant of the transducer has been identified as a suitable
matching layer. We fabricated similar transducers on rigid
supports with polyimide matching layers, which showed an
inereased bandwidth (46%) and a --5dD increase in the re-
ceived pulse amplitude {21], Transducers mounted on flex-
ible hinges with polyimide matching layers are currently
under development.

One additional step toward a viable elinical probe would
be to encase the transducer/IFA assembly in a fluid-filled
catheter sheath, The catheter sheath will be designed with
an acoustic window at the tip for sound conduction. This
catheter sheath also initially will be filled with HFE-7100
fluid in order to insulate the voltages on the integrated
force array and for sound coupling from the transducer to
the blood in the heart. Due to concerns about the biocom-
patibility of HEFLE-7100, we are working on using a thin
film of parylene polymer to insulate the IFA from the en-
vironment, which would cnable us to use saline to fill the
catheter tube. To inercase the effectiveness of the probe, it
will be necessary to have a. mechanism to steer the catheter
itself in order to obtain the desired fields of view within
the heart. This conld be achicved by using cither steer-
ing wires within the cathotor shoath or a catheter sheath
that is steerable. After these improvements are made, the
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transdicer could be used (o image cardiac phantoms. For
example, we have developed flexible excised animal hearts
contained in a hydraulic punping chambor that uses fluid
pressure to produce a pagsively beating heart for imag-
ing purposes [22]. We also conld proceed on to conducting
animal trials and clinical evaluation of the probe.

Another arca, for future experimentation is the develop-
ment and cevalnation of analytical models to evalnate the
expeeted motions of the 1IFA and mechanijcal suspengion.
This analysis was begun with the simple model described
previonsly. The simple formulation presented only predicts
a resonance frequency and does not take into account the
motion and weight of the TI'A attached to the polyimide
table. In order to dotormine the dynamic behavior of the
table/IFA system, finite element simwlations will be nee-
cssary. These simulations also will give a betier idea of the
motion and speced of the table, as it is changing direction in
its scctor, and allow us to perform accurate scan conversion
to compensate for the varying speeds of the transducer in
the course of its motion.
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