
Medical ultrasound imaging has 
made great advances and provides 

ever more detailed diagnostic informa-
tion. With the help of new ultrasound 
probe technology and signal processing, 
it’s possible to greatly increase sensitiv-
ity, bandwidth, fi eld of view and other 
key parameters. Bandwidth, in partic-
ular, is important; it provides not only 
greater image quality and thus diagnos-
tic power by supporting many different 
frequency bands, it also means doctors 
need fewer probes (the name given to 
the handheld units placed on the body). 
Miniaturization makes it possible to de-
ploy cost-effective ultrasound systems 
in many more applications and put 
them into use throughout a hospital or 
in specialty practices (Figure 1). 

The design of the probes is bringing 
new advances. The quality of the fi nal 
image is tightly related to the materials 
used in probe manufacturing and the un-
derstanding of their interactions.

This is exactly where a number of re-
searchers at Esaote S.p.A. in Florence, 
Italy, are focusing their efforts. This 
company’s principle activity is the manu-
facture and sale of diagnostic ultrasound 
imaging systems. The fi rm has 1,350 em-
ployees, of which 20% are active in R&D, 
and annual global sales are in excess of 
300 million Euros.

 Material Models
Ultrasound transducers (Figure 2) in-

volve specialized materials, manufactured 
through processes with specialized ma-

chines and layers as thin as 30 microns. 
This means that making multiple proto-
types for testing is expensive. Further, we 
need to answer questions that can’t be ad-
dressed by measurements or theoretical 
models. Often, we require information that 
the material suppliers themselves often 
don’t have on hand, usually because they do 
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Figure 1: The performance of ultrasonic diagnostic systems such as MyLabOne (left) depends heavily on probes placed on the skin (right).

“A Comsol model 
provides results in one 
month that otherwise 
would take a year and 

many prototypes 
to achieve.”
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not consider the acoustic properties of their 
probes at the level of detail we require. You 
could even say that we know more about 
the materials than the suppliers.

With a simulation model, however, we 
can investigate changes in both the mate-
rials and operation. COMSOL Multiphys-
ics has made this easy with dedicated 
structural-acoustics interactions as well 
as allowing the inclusion of other coupled 
physics. Best of all, a COMSOL model 
provides results in one month that other-
wise would take a year and many proto-
types to achieve.

Among the things we are examining is 
how the mechanical layers in the probes 
affect bandwidth. We can change many 
aspects of the manufacturing process and 
easily check if the geometrical aspects, 
such as the thickness of the ceramic layer, 
are best for our purposes. Moreover, the 
model allows the simulation of important 
properties such as directivity and beam-
steering capabilities. Once we found a 
way to optimize these properties, we then 
ask the manufacturer to modify its prod-
uct accordingly or change some of the fea-
tures of our probe design.

Our first model (Figure 3) gave us a 
clear picture of the material properties 
and made it easy to recognize the effects 
of each on transducer performance. It in-

cluded a study of the piezoelectric mate-
rial and critical elements to be considered 
in the transducer manufacturing stages, 
by simulating the electric impedance and 
far field pressure level (Figure 4).

The simulations also included a match-
ing layer in front of the disk. This layer 
is important because, just as with an 
electric system where impedances must 
match to transfer maximum power, the 
same is true for transferring acoustic 
power from the piezo-disk to the human 
body. This acoustic impedance is mea-
sured in Mrayls. In this case, the ceramic 
material has a high acoustic impedance 
(30 Mrayls), while the biological material 
has a low value (1.5 Mrayls).

We found that the elasticity, piezoelectric 
and dielectric material properties were all 
equally critical in determining the behavior 
of the transducer, which meant that these 
parameters could not be simplified in a full 
model of the complete probe. Agreement  
between test measurements and simulation 
results were good over the entire frequency 
range, where the resonance and antireso-
nance frequencies fit each other within an 
error margin of approximately 3%. This 
gave us confidence in the techniques we 
used to model this type of application.

Further, by investigating the backing 
substrate, we also found that its param-
eters greatly affect the electrical imped-
ance response.

In this first model, we used perfectly 
matched layers (PML) to reduce compu-
tational time and memory. For our trans-
ducers, it was important to study pressure 
in the far field region, and the simulated 
far field pressure was compared to mea-
surements using a membrane hydro-
phone placed at 30 cm depth in a water 
tank. Biological tissue has acoustic prop-
erties very similar to water, which is often 
used as the standard for testing purposes. 
We found discrepancies of less than 5% at 
the maximum amplitude frequencies and 
differences of less than 1 dB for the cor-
responding amplitudes. 

Modeling the Entire Probe
Having seen how well COMSOL worked 

for simulating the probe materials, our 
next model expanded the scope to include 
an actual probe with its very complicated 
geometry and operating configuration. It 
simulated a wideband 5-MHz linear ar-

Figure 2: A complex geometry and the use of very specialized materials make the optimization of ultra-
sonic probes a challenging modeling task.

Figure 3: Model used to simulate the final far field pressure as well as the transducer’s directivity perfor-
mance when the substrate and front matching layer were included. 
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ray probe consisting of 144 piezoelements, 
with a pitch of 245 microns. The transduc-
er design was made up of a special piezo-
composite material, a hard rubber backing 
substrate, four acoustic matching layers 
and a silicon rubber lens. We also started 
to study beam focusing and steering so we 
could better specify the properties of the 
silicon rubber lens (Figure 5).

A further investigation was to see how 
well a COMSOL model could be augment-
ed by integrating it with an equivalent 
circuit model based on the KLM (Krim-

holtz, Leedom, Matthaei) model. Using 
the KLM method together with the elec-
tric transmission-line matching theory, it 
was possible to determine the values of 
the matching layers’ acoustic impedance 
and thickness that give a certain desired 
probe performance. With a given input 
specification for the probe (sensitivity, 
bandwidth), it was possible to run KLM 
simulations and calculate the optimized 
thicknesses for the four matching layers 
(easily placed into the COMSOL geom-
etry) and the acoustic impedance (trans-

ferred to the Young’s modulus and Pois-
son coefficient). The KLM model proved 
an easier, faster and more efficient tool to 
design the matching layer stack, which 
could then be implemented in COMSOL, 
and resulted in improved designs. n

Editor’s Note
This work was presented at the 2010 

COMSOL European Conference in Paris 
where it won the Best Paper Award. It 
can be downloaded from: http://www.
comsol.com/papers/10141/.

Figure 4: Far field pressure level (dB) from the initial model (Figure 3). Experi-
mental and model results are in good agreement, which gives us confidence 
in the modeling technique.

Figure 5: COMSOL model showing how the silicon lens allows the ultrasound 
beam to be steered or directed.
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