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This paper describes a micromachined piezoelectric sensor, integrated into a cavity at the tip of a

biopsy needle, and preliminary experiments to determine if such a device can be used for real-time

tissue differentiation, which is needed for needle positioning guidance during fine needle

aspiration (FNA) biopsy. The sensor is fabricated from bulk lead zirconate titanate (PZT), using a

customized process in which micro electro-discharge machining is used to form a steel tool that is

subsequently used for batch-mode ultrasonic micromachining of bulk PZT ceramic. The resulting

sensor is 50 mm thick and 200 mm in diameter. It is placed in the biopsy needle cavity, against a

steel diaphragm which is 300 mm diameter and has an average thickness of 23 mm. Devices were

tested in materials that mimic the ultrasound characteristics of human tissue, used in the training

of physicians, and with porcine fat and muscle tissue. In both schemes, the magnitude and

frequency of an electrical impedance resonance peak showed tissue-specific characteristics as the

needle was inserted. For example, in the porcine tissue, the impedance peak frequency changed

#13 MHz from the initial 163 MHz, and the magnitude changed #1600 V from the initial 2100 V,

as the needle moved from fat to muscle. Samples including oils and saline solution were tested for

calibration, and an empirical tissue contrast model shows an approximately proportional

relationship between measured frequency shift and sample acoustic impedance. These results

suggest that the device can complement existing methods for guidance during biopsies.

I. Introduction

Fine needle aspiration (FNA) biopsy is an extensively-used

clinical procedure for the neck mass (thyroid, salivary gland,

etc.), breast, lung, bone, kidney, and liver.1 It is a minimally-

invasive, cost-effective, and minor surgical procedure com-

pared with other open surgical biopsy techniques,2 and is used

to extract tissue from the target region for subsequent

cytological examination.

The FNA biopsy procedure can be challenging for the

healthcare professional that is performing it, because of the

precision required in acquiring the desired sample from

the small target volumes. The needle used is usually

20–27 gauge, with an outer diameter of ,1 mm. This is in

order to obtain precise samples from the correct place, to

minimize damage in the path of the needle, and to avoid

collateral damage to surrounding features, such as the carotid

artery in the case of a thyroid biopsy (Fig. 1). To guide the

positioning of the needle in a thyroid biopsy, conventional

ultrasound imaging is performed in real time, especially for

those targets that are difficult to palpate or contain

complicated solid and cystic areas. This adds significant

complexity, requiring special training and equipment that is

not widely available, yet is not always effective in providing the

necessary precision. For example, at least 2–5% of thyroid

FNA biopsies are read as non-diagnostic because of improper

sampling.3–5 A biopsy needle with integrated sensors that can

detect different tissue planes or variations of densities (e.g.,

solid vs. cystic) can provide effective guidance to the physician,

making this procedure not only more accurate, but more

widely accessible.

Piezoelectric materials such as piezoceramics, polymers

(PVDF, etc.), quartz, and ZnO, have been widely used for

sensing and actuating.6–8 As a category of piezoceramics, the

lead zirconate titanate (PZT) series is of particular interest due

to its high piezoelectric coefficients and good electro-mechan-

ical coupling. For example, a tactile biosensor has been

developed using a resonating PZT element, which measures the
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Fig. 1 System diagram of the in-situ tissue contrast sensor intended

for a thyroid FNA biopsy.
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firmness of tissue that is in contact with the element by

detecting the resonance frequency shift through vibration pick-

up.9,10 This frequency shift is determined by the acoustic

impedance of the tissue, and in this case directly correlated

with its firmness. An electrical impedance measurement

that benefits from the piezoelectric coupling is also widely

used.11–13 In another example, when the mechanical boundary

condition of a PZT-horn assembly in a geological probe

changes by touching different types of rocks, the resonance

frequency and the electrical impedance of the assembly change

accordingly.13

Although extensively used in macro-scale applications, the

limitation of conventional micromachining techniques has

allowed PZT material to be used for MEMS applications,

mostly in the form of films with thicknesses of no more than

several microns, which has resulted in degraded material

properties and device performance.14 With the recent

development of a customized pair of processes called

LEEDUS and SEDUS, bulk PZT materials with superior

properties can be patterned lithographically on the micro

scale.15 In these processes, a hard metal tool is fabricated from

planar foil by micro electro-discharge machining (mEDM), and

subsequently used to pattern a PZT plate by ultrasonic

machining in a batch mode micro ultrasonic machining

(mUSM) step.

In this paper, we present a bulk PZT-based, in-situ device

intended for tissue contrast detection during FNA biopsy of,

for example, thyroid nodules.{Intended to complement tradi-

tional ultrasound imaging, this device uses a micromachined

piezoelectric sensor embedded near the tip of a biopsy needle

to distinguish tissue planes. The sensor responds only to tissue

in close proximity to the needle tip, in order to provide local

information about samples that are collected through the

needle tip. The design details are given in Section II. The

sensor is fabricated from bulk PZT using a customized process

involving SEDUS. The fabrication process is described in

Section III, preliminary test results are discussed in Section IV,

and are followed by analysis and discussion in Section V.

II. Device design

A PZT disc that is actuated in longitudinal mode for free

vibration in the direction of its thickness has both the

piezoelectric polarization and the applied electrical field

parallel to its thickness. Mechanical resonance for such a disc

occurs when its thickness t0 equals the odd multiples of half of

the vibration wavelength, l/2, or equivalently when:

f(n)~
n:v0

2t0
, n~1,3,5 . . . (1)

where f(n) is the nth resonance frequency, v0 = l?f(n) is the

vibration velocity in the material, and n is a positive integer

that represents the harmonic number. Due to the piezoelectric

effect of the disc, these mechanical resonances correspond to a

series of electrical impedance peaks of the PZT disc, and

the mechanical resonance frequency, f(n), is equal to the

anti-resonance frequency, fa(n), of the electrical impedance for

the disc in this thickness longitudinal driving mode (also

referred to as the maximum impedance frequency fm).18,19 The

thickness of the PZT disc t0 will thus determine the location of

the impedance peaks on the spectra, and the diameter of the

disc, R, should be several times larger than t0, in order to

reduce the cross-coupling from the lateral wave resonance

mode by reducing the lateral resonance frequency. When the

mechanical boundary conditions, such as mass and elastic

loading, are changed by contact with the materials to be tested,

the mechanical resonance of the PZT disc will change

accordingly. This is transduced into changes in the electrical

impedance peaks of the PZT disc, and can be monitored by

measuring the electrical impedance spectra.

The lumped-element Butterworth–Van Dyke (BVD) equiva-

lent circuit can be used to model the electrical characteristics of

the PZT disc in the absence of loading.18,20,21 A modification

to this original BVD circuit is necessary to accommodate the

loading effect as shown in Fig. 2(a). Specifically, inductors

Lm(n) are used to model the mass loading, such as a diaphragm

attached to a piezoelectric sensor. The clamped capacitance

between the two electrodes of the disc is denoted C0, and an

infinite number of series RLCn (n = 1, 3, 5…) motional

branches are connected in parallel. The first branch of R, L,

and C1 corresponds to the fundamental resonance mode, and

the nth branch of R, L, and Cn represents the nth mode defined

by eqn (1). The nth anti-resonance frequency fa(n) and

resonance frequency fr(n) of the measured electrical impedance

for the original BVD circuit without loading inductance Lm(n)

are:

fa nð Þ~f nð Þ~
1

2p
ffiffiffiffiffiffiffiffiffi

LCn

p , n~1,3,5 . . . (2)

fr nð Þ~
1

2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

LCn
C0

C0{Cn

q , n~1,3,5 . . . (3)

The circuit elements are related to the physical parameters of

the PZT disc by:

C0~
e:A

t0
(4)

Cn~
8k2

t

n2p2
C0, n~1,3,5 . . . (5)

{ Portions of this paper have appeared in conference abstract
form.16,17

Fig. 2 (a) The lumped-element BVD equivalent circuit for a piezo-

electric resonator in longitudinal vibration mode modified to account

for tissue loading. The original BVD circuit for such a piezoelectric

resonator in free resonance can be restored by removing the Lm(n)

equivalent loading inductors. (b) Schematic diagram of the tissue

contrast sensor.
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L~
1

4p2f 2
a1C1

(6)

R~
g0

r0v2
0C1

f

fa1

� �

, n~1,3,5 . . . (7)

where e is the permittivity of the piezoelectric layer; A and t0

are the area and thickness of the PZT disc, respectively; kt
2 is

the electromechanical coupling constant determined by mate-

rial properties including piezoelectric constant, stiffness, and

permittivity of the piezoelectric material; v0 and g0 are the

acoustic velocity and viscosity of the piezoelectric layer,

respectively; and r0 is the density of the piezoelectric

layer. As shown in eqns (2) and (3), both fa(n) and fr(n) are

related to motional parameters L and Cn, which are coupled

with mechanical boundary conditions, so either one can be

used to monitor the resonance change. However, the anti-

resonance modes, fa(n), are preferred for this longitudinal

piezoelectric coupling because it is fundamentally related

only to the thickness of the disc, and less affected by

circuit parameters such as variation of C0 due to parasitic

capacitances.22

The inductors Lm(n) that represent loading,23,24 are related to

the physical parameters of the PZT disc and the added mass by

Lm nð Þ~
4fa1Lrmtm

nr0v0
, n~1,3,5 . . . (8)

where rm and tm are the density and thickness of the added

mass layer, respectively. The thickness, tm, should be as small

as possible, since it is inversely proportional to the sensitivity

of the sensor to any additional mass loading on the

diaphragm.23 This modified BVD circuit model is also used

in Section V to describe the equivalent loading provided by

tissue.

A preliminary scheme for the in-situ detection of tissue

contrast during biopsy is illustrated in Fig. 1. A PZT sensor is

integrated at the tip of the needle and is connected to a

spectrum analyzer for real-time impedance measurement, thus

providing information of the tissue contrast during biopsy.

Fig. 2(b) shows a schematic of the proposed device. The PZT

disc is located within a cavity micromachined into the wall of

the needle near the tip, and against a diaphragm which is

retained at the bottom of the cavity. The thickness of the

diaphragm is non-uniform because of the cylindrical shape of

the needle. The metal needle serves as a ground plane for one

electrode of the PZT sensor. The second lead, which is to the

top of the PZT disc, is a flexible, insulated copper wire that

extends along the inside of the needle. Epoxy is used to provide

electrical insulation and to seal the device.

The sensor is designed to respond to tissue that is in contact

with the diaphragm and in close proximity to the probe as it is

inserted during a biopsy procedure. Different tissue types have

different densities and elastic properties. The mass loading and

elastic loading to the diaphragm, and thereby the vibrational

characteristics of the diaphragm, change accordingly. This

changes the mechanical boundary conditions of the PZT disc,

which is transduced into a change of electrical impedance by

the piezoelectric effect, and subsequently detected by the

impedance spectrum analyzer, thus providing a measure of

tissue contrast.

III. Device fabrication

The fabrication process for the PZT disc is shown in Fig. 3(a).

A bulk PZT-5H plate (Piezo Systems, Inc., USA), which has

attractive material properties for sensor applications, is

bonded to a glass substrate by a polymer. The SEDUS

process,15 so called because it combines serial mode mEDM

and batch mode mUSM, is performed to fabricate disc-shaped

structures on the PZT plate. In this, serial mode mEDM is used

to define simple patterns on a steel microtool by the ‘‘writing’’

movement of a wire electrode. The microtool is then used in

batch mode mUSM to transfer the patterns onto ceramic

substrates with the help of abrasive slurry. For complex

patterns, the steel microtool can be prepared by batch mode

mEDM. Instead of the tip of a wire, the electrode is a pattern of

electroplated copper formed on the surface of a microchip.

This is used as a ‘‘cookie cutter’’ against a planar steel

structure, which subsequently serves as the tool for the

ultrasonic machining of ceramics. This process sequence is

called LEEDUS, which stands for lithography, electroplating,

batch mode mEDM and mUSM. While it is more complicated

than SEDUS, it offers higher throughput and feature

uniformity. After machining, the PZT plate is then released

by dissolving the polymer, flipped over and bonded again to a

second glass substrate. The discs are released by lapping away

the extra thickness of the plate and dissolving the bonding

polymer. Fig. 4(a) shows a released PZT disc with a diameter

of 200 mm and a thickness of 50 mm.

The interior apex of the biopsy needle is machined by

mEDM to form the cavity and the diaphragm (Fig. 4(b)), and

the PZT element is inserted as illustrated in Fig. 3(b). The

cavity diameter and depth are 300 mm and 150 mm,

respectively. This results in a diaphragm, with a thickness

Fig. 3 Diagram of the fabrication process flows for: (a) PZT discs; (b)

the in-situ tissue contrast sensor at the tip of a biopsy needle.
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varying from 10 to 36 mm, on the 20-gauge needle. A thin layer

of conductive epoxy is used to attach the PZT disc to the

bottom of the cavity, as well as to attach the lead wire to the

top surface of the disc. Non-conductive epoxy is then applied

as an insulating layer and sealing material. Fig. 4(c) shows a

photograph of the final device with a lead connection to the

top electrode, immediately before applying the sealing epoxy.

IV. Experimental

The fabricated devices were tested by penetrating the biopsy

needle into: (A) a training arrangement for a thyroid FNA

biopsy; (B) porcine tissue consisting of fat and muscle layers;

and (C) oil samples and saline solutions of various concentra-

tions, which provided a method for calibrating the device. An

HP4195 spectrum analyzer was used to obtain impedance

spectra and monitor the change in its resonance peaks.

A. Biopsy training set-up

Fig. 5(a) illustrates a procedure that is sometimes used for

training healthcare professionals in thyroid FNA biopsy: a

pickled olive simulates the thyroid nodule, while an Aquaflex1

ultrasound gel pad (Model 04-02 from Parker Labs, Inc.,

USA) and a dampened sponge simulate the surrounding tissue.

Fig. 5(b) shows a typical sensor response as the biopsy needle

advances into the sample. A resonance mode with a relatively

high frequency and large quality factor (Q) was selected for

testing. When the needle was inserted from free space into the

ultrasound gel pad, the resonance frequency dropped from

176 MHz to 154 MHz. Both the resonance frequency and the

peak impedance decrease gradually with the advancement of

the needle into the gel pad. After the needle tip reaches the

olive, the resonance frequency stays almost constant while the

impedance peak magnitude increases with advancement into

the olive. From the gel pad surface to the olive, the total

frequency decrease is #4 MHz from the initial 154 MHz, and

the magnitude decreases by #800 V from the initial 2 kV. This

kind of shift does not occur if the olive is missing, and these

electrical characteristics are thereby indicative of a tissue

contrast between the olive and the gel pad, which emulate a

thyroid nodule and the surrounding tissues, respectively.

B. Porcine tissue

The following test involved samples of porcine fat and muscle

tissue. The needle was first inserted, from free space, directly

into either fat or muscle tissue to separately study the sensor

response to each kind of tissue. The results are shown in

Fig. 6(a). While the resonance frequency drops as the needle is

inserted into either tissue, the slope is smaller in muscle tissue.

The impedance peak magnitude drops with increasing inser-

tion depth in the fat, but increases in the muscle. These

frequency and magnitude changes are possibly due to signal

attenuation or stray capacitance caused by the surrounding

tissue, and constrain the sampling depth at which the sensor

can be effective. However, as can be seen in Fig. 6(a), this

device shows clear contrast between fat and muscle up to a

depth of .15 mm, which is adequate for thyroid and other

superficial biopsies.

The device was also tested with layered samples of porcine

fat and muscle tissue, and the results are shown in Fig. 6(b).

Fig. 4 (a) Photograph of a released PZT disc, batch fabricated by the SEDUS process using batch mUSM to transfer a pattern which was defined

by serial mEDM. Diameter: 200 mm; thickness: 50 mm. (b) SEM photograph of mEDM’ed biopsy needle tip with a cavity for mounting a PZT

sensor. Cavity diameter: 300 mm; depth: 150 mm; corresponding diaphragm thickness: 10–36 mm. (c) Photograph of a finished device, before sealing

epoxy is applied. A coated copper wire is used to make the connection to the top electrode of the PZT disc. The stainless steel needle body is used as

a ground.

Fig. 5 (a) Schematic diagram showing the biopsy training set-up for thyroid biopsy that was used in the first set of tests. (b) Measured resonance

frequency and peak magnitude of the PZT electrical impedance vs. proximity to tissue interface. Once the tip moved into the olive, the resonance

frequency remained almost constant while the peak magnitude started increasing.
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Both the resonance frequency and the impedance peak

magnitude decrease gradually as the needle is inserted into

the fat tissue. Then, at the insertion depth of about 9 mm,

where the needle passes into a muscle layer, the impedance

peak magnitude stops dropping, while the resonance frequency

further drops with a much smaller slope (#1/5 of that in fat).

From the fat surface to the muscle, the total frequency change

is #13 MHz from the initial 163 MHz, and magnitude changes

about 1600 V from the initial 2100 V. When the results in Fig. 6

(a) and (b) are compared, similar impedance characteristics

can be observed for each kind of tissue. This confirms that the

characteristics shown in Fig. 6 demonstrate the tissue contrast

between porcine fat and muscle.

C. Saline solution and oils

For the purpose of device calibration and modeling, the sensor

was tested with samples that have known and controlled

acoustic impedance (Za). These are oil samples and saline

solutions of varying concentrations. The sensor response was

measured at a needle insertion depth of 5 mm for all cases. The

Za of these samples ranged over 1.1–1.6 6 106 kg m22s21,

with the Za of common tissues towards the upper end of this

range. In the experiment with saline samples, solution

concentrations from 1% to 20% were tested. The measured

shift of resonant frequency increased with greater saline

concentration when the concentration was smaller than

#3.5%, and remained approximately constant when the

concentration became greater than #3.5%. This phenomenon

is similar to that discussed by Zhang et al.,25 and is possibly

due to saturation of available cation binding cites on the

sensor diaphragm. The sample properties and experimental

results of resonance frequency are summarized in Table 1.

These results are used in an empirical tissue contrast model

described in Section V.

V. Analysis and discussion

A. The tissue contrast model

The resonance frequency shift (Df) of the piezoelectric sensor is

dependent on both the mass loading effect and elastic properties

of the samples. The Za of a sample is the product of its density

Fig. 6 Measured resonance frequency and peak magnitude of the PZT electrical impedance vs. needle tip insertion depth: (a) from free space

directly into porcine fat or muscle tissue; (b) from porcine fat layer to muscle layer.

Table 1 Test results and acoustic properties of samplesa

Samples Df/MHz Density/kg m23
Sound
velocity/m s21

Acoustic impedance
Za/106 kg m22 s21

Equivalent loading
inductance Leq5/1027 H

a. Saline-1%26 22.2 1005 1507 1.515 8.98
Saline-2%26 22.8 1012 1518 1.537 9.24
Saline-3.5%26 23.3 1023 1534 1.570 9.44

b. Porcine muscle27 23.6 1040 1568 1.630 9.57
c. Porcine fat27 15.2 970 1470 1.426 6.14
d. Body oil28 1.9 821 1430 1.174 1.68
e. Mineral oil28 2.0 825 1440 1.188 1.71
f. Peanut oil28 2.9 914 1436 1.313 1.98
a Citations indicate sources for density and sound velocity data.

Fig. 7 (a) Measured resonance frequency shift vs. acoustic impedance

of the samples. The error bars on the data for porcine samples indicate

the lack of certainty in calculated values of acoustic impedance Za. (b)

Calculated equivalent loading Leq5 as a function of frequency shift for

the samples. The broken line provides a linear comparison. Data are

listed in Table 1.
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and acoustic velocity, the latter being further related to the

elastic bulk modulus of the material. Thus, an empirical tissue

contrast model can be built for the biopsy device by plotting the

measured Df vs. Za, as shown in Fig. 7(a). The data used in this

plot are from Table 1. The relationship is approximately

proportional, as shown in the shaded area, considering the

uncertainty in the acoustic properties of the samples.

In Section II, a modified BVD equivalent circuit was

described using inductance Lm(n) to model the effect of the

mass loading of the diaphragm to the PZT disc. To include the

tissue loading effect in the model, Lm(n) can be extended by

adding in series another equivalent loading inductance Leq(n).

This additional inductance is an equivalence that includes the

effect of both mass and elastic loading. The new anti-

resonance frequency for the impedance is therefore:

fa nð Þ~
1

2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

LzLm nð ÞzLeq nð Þ
� �

Cn

q , n~1,3,5 . . . (9)

In the experiments, the 5th harmonic mode (at 176 MHz in

air) was found to have a higher Q than the fundamental and 3rd

harmonic modes, and was consequently selected for measure-

ment. This is similar to the situation discussed by Zhang et al.,23

and is possibly due to less acoustic energy loss in the 5th

harmonic mode than in the 1st and 3rd modes, but the

underlying physical reason remains unclear. Therefore, the 3rd

RLCn branch (for the 5th harmonic mode) of the modified BVD

circuit is of the most interest. The calculated equivalent loading

Leq5 for each of the samples, used to build the empirical tissue

contrast model, is listed in Table 1 and plotted as a function of

the measured frequency shift Dfa5 in Fig. 7(b). The two plots in

Fig. 7 provide the empirical tissue contrast model (i.e., the

relationship of Za to Dfa5) and the relationship of Leq5 to Dfa5.

These relationships can be used with the modified BVD circuit

model to relate the physical parameters of the device and

samples to Df for design and optimization of the sensor.

B. Transmission line assessment

The transmission line characteristics of the stainless steel

needle tube, along with the inner copper wire, are not related

to tissue properties and are thus not required to detect a

contrast in the tissue. However, they are worth considering

because they can affect the measured electrical impedance. In

the absence of a liquid within the biopsy needle, i.e. while the

needle is approaching the target, the connection wire to the

sensor and the surrounding needle structure can be approxi-

mately modelled as a coaxial line. An equivalent circuit model

is shown in Fig. 8. In this model, the PZT disc can be replaced

with an equivalent static capacitor for the transmission line

analysis, so the piezoelectric effect is not considered. The

extension wire that connects the needle tube to the impedance

analyzer is neglected because it can be compensated for during

the measurement. According to the classic transmission line

theory for a terminated lossy coaxial line,29 the input

impedance Zin is:

Zin~Z0
ZpzZ0

: tanh cl

Z0zZp
: tanh cl

(10)

where ZP is the impedance of the equivalent static capacitor

replacing the PZT disc, and the capacitance value is 20 pF for this

analysis; l is the length of the coaxial line and is equal to 25 mm; Z0

and c are the transmission line characteristic impedance and the

complex propagation constant, respectively, and are both related

to the transmission line parameters RL, CL, and LL by equations

found in the classic transmission line theory. These parameters RL,

CL, and LL are further related to the physical parameters of the

coaxial line, including the radius of the copper wire ra which is

25 mm, and the inner radius of the needle tube rb which is 292 mm.

Since air is used as the dielectric material for this coaxial line model,

its permittivity and permeability properties are used in the analysis.

According to this approximate analysis, the calculated input

impedance Zin of this model drops smoothly within the

frequency range of interest, and the length of the equivalent

coaxial cable can be considered much shorter than the

calculated transmission line characteristic wavelength. Thus,

the effect of the needle tube can be basically ignored for our

purpose. The calculated ratio of the power delivered to the

PZT disc through the needle tube and copper wire varies

almost linearly with frequency from #95% at 1 MHz to #65%

at 160 MHz.

C. Penetration depth

The working depth of the device is limited by the length of the

needle to 25 mm, and as discussed in the porcine tissue tests in

Section IV, is also limited by the degradation of sensor

performance due to possible signal attenuation or stray

capacitance. The working depth of the current device is

enough for the anticipated use in shallow FNA procedures

such as thyroid biopsy, the working depth of which is usually

,15 mm. In order to be used in deep tissue biopsies, such as

those for breast or celiac organs, longer needles are required.

This increased needle length and thus greater insertion depth

into tissues can cause further degradation of sensor perfor-

mance, and will be investigated in future efforts.

D. Scaling consideration

In this effort, a Ø200 mm PZT disc was embedded in a Ø300 mm

cavity in a 20-gauge biopsy needle. For needles of smaller

gauge, which are sometimes needed in biopsy procedures, the

wall thickness of the needle tube reduces, while the curvature

of the wall increases, requiring the size of the PZT disc to be

scaled down accordingly. For example, a 27-gauge needle has

an outer diameter of only 406 mm and wall thickness of 102 mm.

The LEEDUS/SEDUS process that has been used to fabricate

Fig. 8 The circuit model for the transmission line analysis carried out

to evaluate the effect of the needle tube and the copper wire on the

measured impedance characteristics. A coaxial line model was used

and the PZT disc was replaced by an equivalent static capacitor.
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the discs has the capability of handling feature sizes as small as

25 mm,15 and can provide PZT elements with diameters much

smaller than the current 200 mm value. However, the

integration of these discs onto the biopsy needle can be a

problem when the size is too small to handle manually or by a

pick-and-place machine. A new approach for this integration is

needed in this case.

VI. Conclusions

A micromachined bulk PZT sensor has been integrated into a

cavity at the tip of a biopsy needle to aid in real time tissue

differentiation during FNA biopsy, providing information that

is complementary to any imaging method which may be used

concurrently to guide the procedure. The batch fabricated PZT

disc has a 200 mm diameter and is located on a diaphragm

formed with the cavity. Devices were tested in a simulated

scheme for physician training, as well as in porcine tissue

consisting of fat and muscle layers. In both types of tests, the

frequency and magnitude of an impedance resonance peak

showed tissue-specific characteristics as the needle was inserted

into the tissue. For example, in the porcine tissue sample, the

frequency shifted #13 MHz as the needle moved from fat to

muscle tissue. Additional measurements with saline solutions

and oil samples were carried out to build an empirical tissue

contrast model, which showed a proportional relationship

between the frequency shift and sample acoustic impedance.

These results and subsequent analyses indicate that the

proposed device is promising in providing effective guidance

to the physician during an FNA biopsy. Issues that need

further investigation, such as penetration depth limitation and

the effect of local tissue trauma to the PZT response during

needle insertion, will be addressed in future efforts. Using

schemes similar to the one described, it is also possible to

integrate various types of other sensors on biopsy and surgical

tools, providing additional information that can be of interest

to physicians, e.g., complementary tumor location during

excision surgery.
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