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ABSTRACT 

This paper describes a piezoelectric sensor integrated 
into a cavity at the tip of a biopsy needle intended for fine 
needle aspiration (FNA) of thyroid nodules.  Located on a 
steel diaphragm of 300 µm radius and 23 µm average 
thickness, it is intended to aid in tissue differentiation, 
providing information that is complementary to any imaging 
method that may be used concurrently.  The sensor is 
fabricated from bulk lead zirconate titanate (PZT) using a 
customized process.  Micro electro-discharge machining is 
used to form a steel tool that is subsequently used for batch-
mode ultrasonic machining of bulk PZT ceramic.  The 
resulting sensor is 50 µm thick and 200 µm in diameter.  
Devices were tested in materials that mimic the texture of 
human tissue in the training of physicians, and were 
separately tested with porcine fat and muscle tissue.  The 
magnitude and frequency of a resonant peak shows tissue-
specific characteristics as the needle is inserted into tissue.  
For example, in the porcine tissue sample, the magnitude 
and peak frequency respectively change from 2118  and 

163 MHz to 562  and 150 MHz as the needle moves 
from fat to muscle tissue. 

I.  INTRODUCTION 

While thyroid cancer results in <1% of cancer deaths, 
its clinical diagnosis can be very challenging.  This is 
because malignant tumors must be differentiated from 
benign nodules.  Since thyroid nodules can be observed in 
about 20% of the general US population [1], and the 
ultrasound characteristics of benign and malignant nodules 
are similar, fine needle aspiration (FNA) biopsy is usually 
required to make a final diagnosis.  This is typically 
performed with a (20-27 gauge) needle attached to a 10 mL 
syringe for suction of thyroid tissue, which is then examined 
by a cytologist. 

The biopsy is challenging in itself because of the 
precision required in recovering a sample from the small 
target volumes.  To aid this, conventional ultrasound 
imaging is performed in real time, especially for those 
nodules that are difficult to palpate or contain complicated 
solid and cystic areas.  This adds significant complexity, 
requiring special training and equipment that only limited 
hospitals can afford, yet is not always effective.  At least 2-
5% of FNAs are read as non-diagnostic because of improper 
sampling [1-3].  A biopsy needle that can detect different 

tissue planes or variations of densities (e.g., solid vs. cystic) 
can make the detection of this easily cured cancer not only 
more accurate, but more widely accessible. 

This paper describes a piezoelectric sensor integrated 
into a cavity at the tip of a biopsy needle intended for fine 
needle aspiration (FNA) of thyroid nodules (Fig. 1).  The 
sensor is fabricated from bulk lead zirconate titanate (PZT) 
using a customized process.  Micro electro-discharge 
machining (µEDM) is used to form a steel tool that is 
subsequently used for batch-mode micro ultrasonic 
machining (µUSM) of bulk PZT ceramic.  The devices are 
tested in materials that mimic the texture of human tissue in 
the training of physicians, and were separately tested with 
porcine fat and muscle tissue. 

II.  DESIGN & FABRICATION 

Piezoelectric materials such as piezoelectric ceramics 
(PZT series, etc.), polymers (PVDF, etc.), quartz, and ZnO, 
have been widely used in the fabrication of sensors and 
actuators [4,5].  PZT is of particular interest for MEMS 
applications due to its high piezoelectric coefficients and 
good electro-mechanical coupling.  When the mechanical 
boundary condition of a PZT-horn assembly changes by 
touching different types of rock materials, the resonance 
frequency and the electric impedance of the assembly 
change accordingly [6]. 

The scheme for in-situ detection of tissue contrast 
during thyroid biopsy is shown in Fig. 1.  A PZT sensor is 
mounted at the tip of the needle that is connected to a 
spectrum analyzer for real-time impedance measurement.  
Figure 2 shows the schematics of the proposed device.  The 
PZT disc is located against a diaphragm and within a cavity 
micromachined into the wall of the needle, which also 
serves as a ground plane for one electrode.  The second lead, 
which is to the top of the PZT disc, is a flexible insulated 
wire that extends along the lumen of the needle.  Since the 
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Fig. 1: 

Schematic 

system 

diagram of the 

proposed 

tissue contrast 

sensor used 

for thyroid 

biopsy. 



diaphragm makes contact with the tissues encountered 
during a biopsy procedure, and the tissue types have 
different acousto-mechanical impedance, the vibration 
characteristics of the diaphragm and the PZT disc will 
change accordingly.  This change in mechanical resonance 
is transduced to a change in electric impedance of the PZT 
disc by the piezoelectric effect and can be detected by the 
impedance spectrum analyzer.  Thus, the changes in the 
electric impedance provide a measure of tissue contrast in 
this preliminary version of the sensor. 

The fabrication process for the PZT disc is shown in 
Fig. 3a.  A bulk PZT-5H plate, which has superior material 
properties for sensor applications, was bonded to a glass 
substrate by a polymer.  The SEDUS process [7] was carried 
out to transfer a disc-array pattern onto the PZT plate.  This 
is a batch-mode micromachining process that uses 
ultrasonic machining with the help of electro-discharge 
machined steel tools, and results in the devices shown in Fig. 
4.  The discs were released by lapping away the extra 
thickness of the PZT plate.  They have diameter of 200 µm 
and thickness of 50 µm.  The interior apex of the biopsy 
needle was then also machined by electro-discharge 
machining to form the cavity, and the PZT was integrated as 
illustrated in Fig. 3b.  The cavity diameter and depth are 300 
µm and 150 µm, respectively.  This results in a diaphragm 
with varying thickness of 10-36 µm on the 20-gauge needle.  

A thin layer of silver conductive epoxy was 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 was used as insulating layer and sealing material.  
Figure 5 shows the micromachined cavity before sensor 
placement, whereas Fig. 6 shows the finished device. 

III.  EXPERIMENTAL RESULTS 

Figure 7 illustrates the procedure used for physician 
training in thyroid FNA biopsy: a pickled olive simulates 
the thyroid nodule, while an Aquaflex® ultrasound gel pad 
(Model 04-02 from Parker Labs Inc.) and dampened sponge 
simulate the surrounding tissues.  A trainee holds the 
ultrasound probe with one hand and inserts the needle into 
the target region (Fig. 7b) while observing its position using 
a real-time 2D ultrasound image (Fig. 7c). 

The fabricated devices were tested by penetrating the 
biopsy needle into: (A) the physician training arrangement 
of Fig. 7a; and (B) porcine tissue consisting of fat and 
muscle layers.  An HP4195 spectrum analyzer was used to 
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 (a) (b) 

Fig. 2: Schematics of the tissue contrast sensor.  (a) Perspective 

view with sealing epoxy removed; (b) Cross sectional view. 
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Fig. 3: Diagram of fabrication process flow for: (a) PZT disc; (b) 

the in-situ tissue contrast sensor at the tip of a 20G syringe needle. 

    
 (a) (b) 

Fig. 4: Photos of: (a) PZT disc array batch fabricated by SEDUS 

process using batch USM to transfer a pattern defined by serial 

EDM.  (b) Released PZT disc.  Diameter: 200 m.  Thickness: 
50 m. 

   
 (a) (b) 

Fig. 6: Photos of: (a) A PZT disc mounted in the cavity at the tip 

of a syringe needle.  Cavity diameter: 300 m, depth: 150 m.  

Corresponding diaphragm thickness: max. 36 m, min. 10 m; (b) 

Finished device before sealing epoxy is applied.  Coated copper 

wire is used to make connection to the top electrode of the PZT 

disc.  The stainless steel needle body is used as ground. 

    
 (a) (b) 

Fig. 5: SEM photos of EDM’ed syringe needle tip with the cavity 

for mounting PZT sensor: (a) inner side view; (b) outer side view. 



obtain impedance spectra. 
The results of test A are shown in Fig. 8 and Fig. 9.  A 

resonance mode with a relatively high frequency and large 
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 decreased 
gradually with advancement of the needle into the gel pad.  
After the needle tip reached the olive, the resonance 
frequency stayed almost constant while the impedance peak 
magnitude started increasing with injecting depth into the 
olive.  The electrical characteristics are thereby indicative of 
a tissue contrast between the olive and the ultrasound gel 
pad, which respectively emulate a thyroid nodule and the 
surrounding tissues. 

The results of test B are shown in Fig. 10.  Both the 
resonance frequency and the impedance peak magnitude 
gradually decrease as the needle is inserted into the fatty 
tissue.  Once the needle tip moves into the muscle, the 
impedance peak magnitude starts to increase slightly, while 
the resonance frequency further drops with a much smaller 
slope ( 1/5 of that in fat). 

The porcine fat is not optically transparent like the 

ultrasound gel pad, making visual observation of the needle 

position more difficult for test B.  Two additional tests were 

then carried out to individually study the response of the 

sensor to porcine fat or muscle by inserting the needle 

directly from free space into each kind of tissue.  As shown 

in Fig. 11, impedance characteristics similar to that in Fig. 

10 were observed in each case.  This confirms that the 

electrical characteristics shown in Fig. 10 demonstrated the 

tissue contrast between animal fat and muscle. 

IV.  PRELIMINARY ANALYSIS 

A circuit model for the biopsy tissue contrast sensor is 
shown in Fig. 12.  A lumped-parameter Butterworth-Van 
Dyke (BVD) equivalent circuit can be used to represent the 
PZT disc [8], and the stainless steel needle tube along with 
the inside copper wire is modeled using transmission line 
characteristics.  The motional arm (L1, R1 and C1) of the 
BVD circuit is coupled with the diaphragm and surrounding 
tissue by the piezoelectric effect.  The PZT disk has a 
thickness of t=50 µm, and the sound velocity in the PZT 
material is c 3319 m/s.  This results in the first thickness-
mode free mechanical resonance frequency of 33 MHz 
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Fig. 9: Measured resonance frequency and peak magnitude of the 

impedance of the PZT sensor vs. proximity to tissue interface.  It 

shows that once the tip moves into the olive, the resonance 

frequency remains constant while the impedance peak magnitude 
starts increasing. 

Fig. 7: Physician training 

for thyroid biopsy. (a) 

Schematics showing test 

setup and tissue model.  

(b) Photo of operation.  

Medical ultrasound 

probe is used to guide 

the process, the image of 
which is shown in (c). 

Fig. 8: Screen 

prints of HP 4195 

Spectrum 

Analyzer used to 

measure the 

impedance of the 

PZT disc vs. 

frequency sweep. 

(a) Needle tip 

inserted from free 

space into the 

ultrasound gel 

pad. (b) Needle 

tip inserted from 

the gel pad into 
the olive. 

Fig. 10: (a) 

Screen image of 

HP4195 showing 

resonant 

impedance 

change when 

needle tip goes 

from porcine fat 

layer to muscle 

layer.  (b) 

Measured 

resonance 

frequency and 

peak magnitude 

of the PZT 

impedance vs. 

needle insertion 

depth into the 
animal tissue. 



when t= /2, where  is the sound wavelength in the material 
[9].  The resonance frequency used for measurement ( 170 
MHz) is around the 5th harmonic resonance, and is also 
coupled with the transmission line characteristics of the 
needle tube, as well as the mechanical characteristics of the 
diaphragm and tissue. 

The coupled transmission line characteristic of the 
needle tube is not directly needed to detect a contrast in the 
tissue.  However, it is helpful in estimating the attenuation 
of the stimulating and sensed signals.  A transmission line 
analysis was performed by using the coaxial line model and 
replacing the PZT disc with an equivalent static capacitor.  
The extension wire that connects the needle tube to the 
impedance analyzer was neglected for this analysis as it was 
compensated during measurement. According to the 
analysis, the input impedance Zin of this model smoothly 
drops within the frequency range of interest (Fig. 13a), and 
the length of the equivalent coaxial cable can be considered 
much shorter than the transmission line characteristic 
wavelength.  The ratio of the power delivered to the PZT 
disc through the needle tube and copper wire is 65% at 

160 MHz (Fig. 13b).  A more detailed analysis of the PZT 
sensor characteristics will be pursued in later efforts. 

V.  CONCLUSIONS 

A micromachined device has been demonstrated to 
achieve in-situ real-time tissue contrast detection during 
FNA biopsy of thyroid nodules.  A batch-fabricated bulk 
PZT sensor was implemented into a cavity that is in the wall 
of a needle at its apex.  The device was tested in a simulated 
scheme for physician training, as well as in porcine tissue 
consisting of fat and muscle layers.  The device 
demonstrated tissue contrast in both of the test schemes 
through a change in the resonance frequency and peak 
magnitude of the PZT electric impedance.  A preliminary 
analysis based on a circuit model has been carried out for 
the tissue contrast sensor.  The experimental results are very 

promising for further improvements, and will be pursued in 
future efforts. 
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Fig. 12: A circuit model for the biopsy tissue contrast sensor. 
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 (a) (b) 

Fig. 13: A transmission line analysis carried out to evaluate the 

effect of the needle tube and the inside copper wire on the 

measured impedance characteristics.  Coaxial line model was used 

and the PZT disc was replaced by an equivalent static capacitor.  

(a) Input impedance Zin vs. frequency. (b) Ratio of power 
delivered to the PZT disc vs. frequency. 

Fig. 11: Measured 

resonance 

frequency and peak 

magnitude of the 

impedance of the 

PZT sensor vs. 

needle tip insertion 

depth from free 

space directly into 
fat or muscle. 
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