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Abstract

The purpose of this work is to investigate compound lenses for row–column-addressed (RCA) ultrasound transducers for increasing
the field-of-view (FOV) to a curvilinear volume region, while retaining a flat sole to avoid trapping air between the transducer sole
and the patient, which would otherwise lead to unwanted reflections. The primary motivation behind this research is to develop a
RCA ultrasound transducer for abdominal or cardiac imaging, where a curvilinear volume region is a necessity. RCA transducers
provide 3-D ultrasound imaging with fewer channels than fully-addressed 2-D arrays (2N instead of N2), but they have inherently
limited FOV. By increasing the RCA FOV, these transducers can be used for the same applications as fully-addressed transducers
while retaining the same price range as conventional 2-D imaging due to the lower channel count. Analytical and finite element
method (FEM) models were employed to evaluate design options. Composite materials were developed by loading polymers with
inorganic powders to satisfy the corresponding speed of sound and specific acoustical impedance requirements. A Bi2O3 powder
with a density of 8.9g/cm3 was used to decrease the speed of sound of a room temperature vulcanizing (RTV) silicone, RTV615,
from 1.03mm/µs to 0.792mm/µs. Using micro-balloons in RTV615 and a urethane, Hapflex 541, their speeds of sound were
increased from 1.03mm/µs to 1.50mm/µs and from 1.52mm/µs to 1.93mm/µs, respectively. A diverging add-on lens was
fabricated of a Bi2O3 loaded RTV615 and an unloaded Hapflex 541. The lens was tested using a RCA probe, and a FOV of 32.2◦

was measured from water tank tests, while the FEM model yielded 33.4◦. A wire phantom with 0.15mm diameter wires was
imaged at 3MHz down to a depth of 14cm using a synthetic aperture imaging sequence with single element transmissions. The
beamformed image showed that wires outside the array footprint were visible, demonstrating the increased FOV.

Keywords: Ultrasound Imaging, Compound Lens, Composite Materials, Diverging Lens, Row-column-addressing

1. Introduction

The purpose of this work is to investigate the use of com-
pound lenses for row–column-addressed (RCA) ultrasound
transducers for increasing the field-of-view (FOV) to a curvilin-
ear volume region, while retaining a flat sole to avoid trapping
air between the transducer sole and the patient, which leads to
unwanted reflections. Planar 2-D RCA arrays can be an attrac-
tive alternative to fully-addressed matrix arrays, as they offer
volumetric imaging with 2N electrical connections compared to
N2 for fully-addressed matrix arrays. E.g. a 128× 128 matrix
array requires 16,384 connections, if every element needs to
be connected, while by row–column-addressing only 256 con-
nections are required. Seo and Yen presented simulation and
experimental results of a 5MHz flat RCA array with 256+256
element [1]. They imaged rectilinear volumes of nylon wire
pairs and an 8mm diameter cylindrical anechoic cyst phantom
to verify the feasibility of the row–column-addressing scheme
of matrix arrays. They showed that the wire spread function
had a full width at half maximum of 0.68mm and 0.70mm at
30mm depth in azimuth and elevation, respectively. However,
an inherent problem of such an array is the FOV, which is lim-
ited to the forward looking rectilinear volume region in front of

the transducer. For applications such as abdominal and cardiac
imaging, a curvilinear volume region is necessary.

Démoré et al. [2] presented a simulation study of a hemi-
spherical shaped 288 element RCA array and compared it to a
128 element linear phased array. To overcome the limited FOV,
the array was hemispherical shaped to image a curvilinear vol-
ume region of 60◦×60◦, while the phased array imaged a sector
of 90◦. They concluded that RCA arrays could enable a rela-
tively inexpensive volume imaging system capable of real-time
volume frame rates (> 20Hz), with similar contrast, resolution,
and dynamic range as the phased array. However, curving the
array in both directions is a difficult task from a manufacturing
point of view.

A double curved diverging lens in front of the RCA trans-
ducer can extend the inherent rectilinear 3-D imaging FOV to
a curvilinear volume region [3, 4]. Joyce and Lockwood pre-
sented a diverging lens made of RTV-11, cast onto the face of
an RCA piezoelectric transducer (PZT) array. The lens mate-
rial and curvature were optimized using PZFlex (PZFlex, Cu-
pertino, CA, USA), and the resulting lens obtained a FOV of
45◦ [3]. Bouzari et al. presented the beamforming method and
a simulation study of a diverging lens on a RCA array, and con-
cluded that the limited FOV can be overcome by using a double
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Figure 1: Conceptual sketch of two compound lenses, Concave, and Convex,
made from two different materials. The lens type is defined from the shape of
the inner lens, i.e. the lens closest to the acoustic stack. For the lens to diverge
the beam the speed of sound of material F should be larger than material S.

curved diverging lens [4]. In another paper, Bouzari et al. pre-
sented two concave lenses made from room temperature vul-
canizing (RTV) rubber fabricated with two different radii, and
it was shown that a FOV up to 44.4◦ could be obtained [5].
The downside was that lens shapes were concave, since the
RTV rubber had a speed of sound lower than tissue. A con-
cave front curvature makes patient contact very difficult as air
can be trapped between the patient and the transducer sole, so
a flat or convex front is usually a requirement. A lens material
with a speed of sound higher than tissue can solve this problem.
One concern is that the center of the acoustic wave is attenuated
more than the edge, resulting in higher sidelobe levels. Another
concern is that these materials are often stiffer, which might be
a problem for capacitive micromachined ultrasonic transducers
(CMUTs), as this can influence the plate behavior. A differ-
ent solution could be to use a compound lens of two or more
materials to obtain a flat or convex front.

A diverging compound lens was designed and evaluated by
Yang et al. for photoacoustic computed tomography [6]. The
aim was to increase the receive directivity of the detectors to
avoid deformation of off-center targets. They used concave
shaped polydimethylsiloxane (PDMS) as the outer layer, and
convex shaped epoxy as the inner lens, as illustrated in Fig. 1. It
was shown that the −6dB acceptance angle could be increased
from 11◦ to 55◦.

In this paper a compound lens is developed with the main
focus on constructing a diverging lens for RCA transducers for
increasing the FOV. The 2N channel count of RCA arrays and
the increased FOV with a diverging lens offer the potential of
3-D ultrasound imaging, e.g. for cardiac or abdominal appli-
cations, in the same price range as conventional 2-D imaging.
This can contribute to an increased use of real-time 3-D ultra-
sound imaging in medical diagnostics, and to the development
of new clinical applications.

This paper is organized as follows: Section 2 describes the
modeling of a compound lens. A simple analytic model is de-
veloped and compared to a finite element method (FEM) model.
Section 3 covers the investigation of modifying the acoustic
properties of lens materials by loading polymers with inorganic
powders. Both decreasing and increasing the speed of sound of
the materials are investigated. Section 4 describes the fabrica-
tion of a compound add-on lens for a RCA transducer probe,
compares the lens behavior to FEM simulations, and demon-
strate the possibility of increasing the FOV by imaging a wire

phantom. Lastly, a conclusion is presented in Section 5.

2. Compound Lens Modeling

A sketch of two types of compound lenses with two lens ma-
terials, F and S, and a flat outer surface is shown in Fig. 1. The
lens type is defined from the shape of the inner lens, i.e. the lens
closest to the acoustic stack. For the lens to diverge the beam
the speed of sound in material F should be higher than in mate-
rial S. The following section describes an analytic approach for
predicting the focal depth as function of material properties and
dimensions, and it is evaluated in relation to a FEM model.

2.1. Analytic model
Compound lenses can be analytically modeled using Snell’s

law, the small angle approximation, and assuming that the lens
is infinitely thin. The angle of incidence and refraction of the
first boundary, between the inner and the outer lens, is named
θ1 and θ2, and at the second boundary, between the outer lens
and the medium, is named θ3 and θ4, as shown in Fig. 2. The
angles, when the small angle approximation is employed, are

θ1 ≈
L

2R
, θ2 ≈

c2

c1
θ1, θ3 = θ2−θ1, θ4 ≈

cm

c2
θ3, (1)

where R is the radius of curvature, L is the elevation height, c1
is the speed of sound in the inner lens, c2 is the speed of sound
in the outer lens, and cm is the speed of sound in the medium.
The geometric focal depth of the lens, fD, is

fD ≈
L

2θ4
. (2)

By combining the above equations, the radius, focal depth,
and material speeds of sound can be related by

R = fD

(
cm

c2

)(
c2

c1
−1
)
= fDα (3)

or in a nondimensional form,

R
L
= f#n2 (n1−1) = f#α, (4)

where f# is the focusing f-number ( f# = fD/L), n2 is the in-
dex of refraction between the outer lens and the medium (n2 =
cm/c2), and n1 is the index of refraction between the inner lens
and the outer lens (n1 = c2/c1). (3) and (4) reveals that there
is a linear relationship between the focal depth and the radius
of curvature, and that the slope, α , is controlled by the material
properties. This model is valid for both converging and diverg-
ing lenses.

2.2. FEM Model
FEM models of diverging compound lenses were devel-

oped in PZFlex (PZFlex, Cupertino, CA, USA) for the lenses
sketched in Fig. 2. A 2-D model with symmetry applied across
the center axis at the middle of the lens was utilized. A pres-
sure wave was generated along one of the edges to mimic an
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Figure 2: A compound diverging lens of two materials with different speeds of
sound c1 and c2. Such lenses can be manufactured in (a) a concave (c1 < c2) or
(b) a convex (c1 > c2) shape. The edge of the beam is highlighted with a solid
red line, and the wave front is shown as a dashed red line. The color scheme
is the same as used in Fig. 1, and the blue line indicates the position of the
acoustic stack.

emitting transducer with an elevation, L, of 20mm, and it was
transmitted through the compound lens and into the medium.
The pressure wave was a 3MHz single cycle sinusoid. Both a
convex and a concave lens were simulated. The longitudinal
speed of sound of material S was 0.8mm/µs, material F was
2mm/µs, and the medium was 1.5mm/µs. The two lens ma-
terials and the medium were perfectly matched with respect to
specific acoustic impedance, and the acoustic attenuation was
neglected. The chord length of the lens, Lchord, was 5% wider
than the elevation, L, and the height of the arc, H, depended on
the radius as

H = |R|−

√
R2−

(
Lchord

2

)2

. (5)

The size of the simulation window was 20mm wide and
20mm high, and a square mesh with an element side length
of 5.55 µm was used, corresponding to 48 elements per wave-
length in material S. An absorbing boundary was used at the
edges of the medium. The simulated time period was 14 µs, al-
lowing enough time for the pressure wave to propagate all the
way through the simulation window.

Fig. 3 shows how the calculated pressure fields of a con-
cave and convex compound lens were evaluated to calculate the
FOV. The beam profiles were generated by storing the maxi-
mum pressure amplitude at each mesh point during propagation
of the pressure wave fronts. The −6dB beam width was used
to evaluate the FOV, highlighted with a red dashed line, and is
related to the f-number, f#, by

f# =
1
2

cot
(

FOV
2

)
. (6)

Concave, R=25mm

0 10 20

Lateral [mm]

5

10

15

A
x
ia

l 
[m

m
]

-20

-10

0
dB Convex, R=25mm

0 10 20

Lateral [mm]

5

10

15

A
x
ia

l 
[m

m
]

-20

-10

0
dB

Figure 3: The beam profiles are generated by storing the maximum pressure
amplitude at each mesh point during propagation of the pressure wave fronts
and are normalized to the excitation pressure amplitude. The−6dB beam width
was used to evaluate the FOV and the dashed red line shows the FOV of these
two lenses.
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Figure 4: The analytic model and the two PZFlex models are compared with
respect to the f-number, f#, and the FOV. In the simulations an elevation of
L = 20mm was used.

2.3. Results & Discussion

The results of the analytic model and the two PZFlex mod-
els, convex and concave, are compared in Fig. 4 for radii be-
tween 20mm and 80mm. Notice that the linear relation be-
tween the radius and the f-number are observed as expected,
and the slopes, α , are αanalytic = 2.22, αconvex = 2.19, and
αconcave = 2.22. The relative difference between the slope val-
ues are less than 1.5%. Offsets between the three models are ob-
served with the convex model predicting a 0.1 higher f-number
than the concave model on average and the analytic model pre-
dicting a 0.25 higher f-number on average.

Below a radius of 25mm (R/L = 1.25), the result of the sim-
ulation of the concave lens diverges from the expected linear re-
lation. This was due to internal reflections within the compound
lens as seen in Fig. 5. This figure shows the pressure field for a
concave lens with a radius of 20mm (R/L = 1). The interface
between the two lens materials and the medium is highlighted
with a red line. Part of the pressure field was reflected from the
interface of the two lens materials and was propagating within
the lens.

The critical radius of the lens, Rc, for internal reflections in
the lens can be estimated using the criterion for total internal
reflection. Total reflection occurs when
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Figure 5: The internal reflection of the concave lens type with a normalized
radius of R/L = 1. The red lines show the interface between the different ma-
terials of the lens and the medium.

sin(Θc)

c1
=

sin(90◦)
c2

⇒Θc = arcsin
(

c1

c2

)
. (7)

The angle of the lens at the edge of the array is determined
by the geometry of the lens as

Θ = arcsin
(

L
2R

)
. (8)

The critical radius, Rc, is found by combining the two above
equations and setting R = Rc and Θ = Θc:

Rc =
L
2

c2

c1
. (9)

The critical radius depends both on the ratio of the speed of
sound of the lens materials and on the elevation of the emitting
transducer. Inserting the speeds of sound and the dimensions
used in the simulation, we find that the critical radius is 25mm
(R/L = 1.25), which is in perfect agreement with the observed
simulation results. Notice that this model is simulating the lens
effect during emission. During reception, the convex lens will
have the same problem, but will instead limit the angular re-
ceive response.

3. Composite Materials

From the above analysis, based on 4, it is evident that higher
speed of sound ratios, n1 and n2, result in a larger FOV. This
section will therefore describe how the speed of sound of ma-
terials can be altered by loading a base material with powder
to obtain a 0-3 composite material. First a model is introduced
to predict the speed of sound in a composite material, and then
four different composites are investigated, one designed to de-
crease the speed of sound and three designed to increase the
speed of sound. The experimental results are then compared to
the model.

3.1. Devaney model

The Devaney model [7] was used to calculate the effective
elastic properties of the 0-3 composites used in this study. This

model was used as it could predict the speed of sound within 6%
on average compared to experiments and was the only model
able to predict the behavior above a volume concentration, C,
of 40% as seen by Nguyen et. al. [8]. The model is based on
multiple-scattering theory and assumes a random distribution
of identical spherical elastic inclusions embedded in an infinite
isotropic elastic matrix. In addition, the wavelength of the ultra-
sonic wave in the composite is assumed to be much larger than
the particle size. This yields two coupled equations to calculate
the effective bulk, K, and shear moduli, G:

K = K1 +C
(3K +4G)(K2−K1)

3K +4G+3(K2−K1)
(10)

G = G1 +C
5(3K +4G)G(G2−G1)

(15K +20G)G+6(K +2G)(G2−G1)
(11)

where K1 is the bulk modulus of the base, G1 is the shear modu-
lus of the base, K2 is the bulk modulus of the dopant/inclusion,
G2 is the shear modulus of the dopant/inclusion, and C is the
volume concentration of the inclusions. The two coupled equa-
tions are solved numerically for the elastic constants, and the
iteration process is terminated when changes in the moduli are
less than 0.01% from one iteration to the next. The effective
density of the composite is simply the volume weighted aver-
age of the medium and its inclusions:

ρ = ρ1 +C (ρ2−ρ1) , (12)

where ρ is the density of the composite, ρ1 is the density of the
base, and ρ2 is the density of the inclusion. The longitudinal
speed of sound of the composite is then calculated by

cl =

√
K + 4

3 G
ρ

. (13)

A high speed-to-density ratio material should be used to in-
crease the speed of sound, whereas a material with a low ratio
should be used to decrease the speed of sound.

3.2. Experimental Composites

Two commercially-available, unfilled 2-part base materials
(part A: base and part B: curing agent) were used in this
study, an RTV silicone rubber, RTV615 (Momentive Perfor-
mance Materials Inc., Waterford, NY, USA ) and an urethane,
Hapflex 541 (Hapco Inc., Hanover, MA, USA). Both materi-
als were low viscosity resins, which was desirable for ease of
powder loading, degassing, and mold filling. Three different
powders were tested, AC6111 Boron Nitride (Momentive Per-
formance Materials Inc., Waterford, NY, USA), referred to as
BN, iM30K glass bubbles (3M, Maplewood, MN, USA), re-
ferred to as iM30K, and bismuth oxide nanopowder (US Re-
search Nanomaterials Inc., Houston, TX, USA), referred to as
Bi2O3. The material properties of both the base materials and
the powders are listed in Table 1.

BN and iM30K were selected for their high speed-to-density
ratios, 7.1 and 6.6, respectively, and Bi2O3 was selected for its
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Table 1: Material properties of base materials and powders, density ρ , longitu-
dinal speed of sound cl , shear speed of sound cs, and the particle size.

ρ cl cs Size
Material [g/cm3] [mm/µs] [mm/µs] [µm]

RTV 615 1.02 1.03 0.03 –
Hapflex 541 1.05 1.52 0.1 –
Bi2O3 8.9 4.79 2.41 0.08-0.2
BN 2.1 15 10 0.5
iM30K 0.6 3.96 1.24 18

low speed-to-density ratio, 0.5. From a variety of low speed-
to-density ratio materials, Bi2O3 was chosen for its apparent
minimal attenuation [9].

Three different combinations were investigated to obtain
a composite material with an increased speed of sound:
RTV615 + BN, RTV615 + iM30K and Hapflex 541 + iM30K,
and one combination was investigated to decrease the speed of
sound: RTV615 + Bi2O3.

The Bi2O3 was bought in a β -phase, but this phase showed
to act as a cure inhibitor for the RTV615 silicone rubber. This
problem was previously described in [10]. The Bi2O3 was
therefore pretreated by heating the powder up to 450◦C for two
hours and then it was slowly cooled down to room temperature
over at least five hours. This changed the phase of the Bi2O3
from a tetragonal β -phase to a monoclinic α-phase. The α-
phase powder does not act as a cure inhibitor for the RTV615.

The BN and iM30K were mixed into part A of the base ma-
terials by hand and then part B was mixed in the composite also
by hand. The particle size of the Bi2O3 was 80− 200nm and
therefore, to reduce the effect of agglomeration of the nanome-
ter sized particles, the powder was mixed into part A using a
planetary centrifugal Mixer, Thinky Mixer AR-100 (Thinky,
Tokyo, Japan), and ten 3mm zirconia balls were added to the
composite. The balls were used for increasing the shear force
during mixing to de-agglomerate the nano particles. This was
done five times for two minutes at 2000rpm with three minutes
of cooling between each. The ten zirconia balls were then re-
moved and part B was mixed into the composite for two minutes
at 2000rpm. The composite was then degassed under vacuum
for three minutes and three samples were made out of each com-
posite with a diameter of 25mm and a thickness of 2mm, 3mm
and 4mm. The samples were then cured overnight at 45 ◦C.

3.3. Measurement setup
Density measurements were made with a Mettler Toledo

XP204 (Mettler Toledo, Columbus, OH, USA) using their den-
sity kit. Each sample was measured three times and the mean
was calculated across the three samples.

The speed of sound and the acoustic attenuation of the
longitudinal wave were measured based on a pulse through-
transmission method in water using two identical 5MHz
transducers placed at a distance of 8cm from each other.
A pulser/receiver module (Model 5800, Panametrics Corp.,
Waltham, MA, USA) was used to generate a broad band pulse
with an energy of 12.5 µJ and a damping of 50Ω. The transmit-
ted pulse had a 12dB bandwidth of 6.3MHz centered around
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Figure 6: The specific acoustic impedance, density, and longitudinal speed of
sound for different mass mix ratios have been measured (circles on the graphs)
and compared to the analytical Devaney model (solid lines on the graph).

5MHz. The output waveform of the second transducer was
transmitted from the pulser/receiver module to a digital oscil-
loscope (9314CM, LeCroy Corp., Chestnut Ridge, NY, USA)
through a 50Ω coaxial cable for digitization. A frequency do-
main analysis was performed, as described in [11], yielding
the longitudinal speed of sound and attenuation. The speed of
sound reported is an average of the calculated speed of sound
in the frequency interval 2.5 and 7.5MHz, as this was within
the 12dB bandwidth, and the attenuation was calculated at a
frequency of 5MHz.

3.4. Results & Discussion

Fig. 6 shows the longitudinal speed of sound, cl , density, ρ ,
and the specific acoustic impedance, Z, for varying mass mix
ratios (MMRs), minclusion/mbase, for all four composite materi-
als. The measured values are represented with circles on the
graphs, and the analytic Devaney model is compared to the
measurements and are represented with solid lines. The mea-
sured values are in agreement with the calculated curves within
2.5%, both with respect to density and speed of sound.

The amount of powder loaded into the base material was lim-
ited for both the BN and the iM30K powder because the viscos-
ity increased to an extent where it was not possible to degas the
composite or fill the mold used for creating the acoustic sam-
ples. A non-Newtonian behavior, a shear thinning effect, of
the BN mixtures was observed, so a lower volume concentra-
tion could be obtained compared to the composites containing
iM30K. The largest mass mix ratio obtained of RTV615 + BN
was MMR = 0.51 corresponding to a volume concentration of
C = 19.9%. For RTV615 + iM30K it was MMR = 0.57 corre-
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Figure 7: Attenuation at 5MHz. The circles represents the measured values and
the dashed lines are only plotted as a visual aid.

sponding to C = 49.4%, and for Hapflex 541 + iM30K it was
MMR = 0.4 corresponding to C = 41.2%.

BN was investigated for increasing the speed of sound in
this study, but the density was still larger than the density
of the two base materials. Loading the RTV615 with the
maximum amount of BN, the speed of sound only increased
from 1.03mm/µs to 1.04mm/µs, an increase of 1.4%. How-
ever, loading the RTV615 with iM30K was much more effec-
tive as the maximum amount increased the speed of sound to
1.50mm/µs, an increase of 46%. Loading the Hapflex 541
with the maximum amount of iM30K increased the speed of
sound from 1.52mm/µs to 1.93mm/µs, an increase of 27%.
Loading the RTV615 with Bi2O3 at MMR= 1.1, corresponding
to C = 11.2%, decreased the speed of sound from 1.03mm/µs
to 0.792mm/µs, a decrease of 30%.

It is not only the density and speed of sound that changes with
the MMR; the acoustic attenuation is also affected. The mea-
sured acoustic attenuation of the longitudinal wave at 5MHz for
varying MMR is shown in Fig. 7(a) and the volume concentra-
tion, C, in Fig. 7(b). The circles represent the measured values
and the dashed lines are only plotted as a visual aid. As ex-
pected, the attenuation increases with the volume concentration
of the powder in the composite material, and up to around 20%
the relation seems to be linear. The slopes and the 95% confi-
dence intervals are listed in Table 2. The RTV615 + Bi2O3 has
a significant steeper slope than the three other composites at a
95% confidence level, as their is no overlap in the confidence
intervals. This indicates that the losses are driven primarily by
the density of the inclusion. This presented a dilemma when
the composite materials speed of sound was lowered, since a
higher particle density was wanted in order to affect the speed
of sound and the specific acoustic impedance with low volume
concentrations, but this in turn had the greatest contribution to
the attenuation. The particle size and density were not of great
concern with respect to attenuation when a powder was chosen
for increasing the speed of sound, which is also seen Table 2,

Table 2: Slopes and the corresponding confidence interval at a 95% level of the
volume concentration versus attenuation of the composites.

Slope Confidence interval [dB/mm/%]
Composite material [dB/mm/%] Lower bound Upper bound
RTV 615+BN 0.1126 0.0892 0.1359
RTV 615+iM30K 0.1344 0.1108 0.1580
Hapflex 541 + iM30K 0.07431 0.0301 0.1182
RTV 615+Bi2O3 0.2799 0.2210 0.3388

as the composites containing BN and iM30K did not show any
significant difference in attenuation dependence on the volume
concentration.

4. Diverging lens

A doubled-curved diverging compound add-on lens was fab-
ricated and experimentally evaluated in this section. The add-
on lens gave the possibility of using the lens as either a concave
lens or as a convex depending on which side was facing the
RCA transducer.

4.1. Lens Design

The design and materials used for the diverging lens were
based on the findings in the two previous sections. To maxi-
mize the energy transfer from the acoustic stack to the tissue,
the total attenuation of the lens should be minimized. Both the
total thickness of the lens and the composite material attenua-
tion will affect this. The minimum thickness was determined by
the arc height between the two lens materials. (5) shows that a
large radius, R, was desired as this decreased the arc height, H.
For a fixed focal depth, fD, increasing the speed of sound ratio
of the outer to the inner lens material, c2/c1, and of the medium
(water/tissue) to the outer lens material cm/c2, increases the ra-
dius and thereby decreases the arc height.

As two materials were used, the net attenuation can vary
across the elevation, contributing to the apodization of the
beam. It is preferable to have more attenuation at the edges
than at the center of the elevation. The degree of apodization
was contingent on both the attenuation of the constituent ma-
terials and their relative geometry, specifically, the arc height
between them.

Another factor in maximizing the energy transfer between
the acoustic stack and the tissue was the specific acoustic
impedance matching between the lens materials and the tissue.
The intensity transmission coefficient, T , and reflection coeffi-
cient, R, are specified by the following formulas [12]

T =
4 Z2

Z1(
Z2
Z1

+1
)2 (14)

R = 1−T, (15)

where Z1 and Z2 are the specific acoustic impedances of the
two materials. These formulas are only valid for plane waves
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Figure 8: The measured (circles) and calculated (solid line) longitudinal speeds
of sound plotted as a function of specific acoustic impedance for the four dif-
ferent composites. The area of interest is chosen to obtain a reflected power of
less than 25dB below the original power from the interface to tissue.

Table 3: Material properties for the compound diverging lens. The attenuations
are reported at 5MHz.

MMR Long. speed Z Att.
Composite material – [mm/µs] [MRayl] [dB/mm]

RTV 615+Bi2O3 0.9 0.826 1.45 4.42
Hapflex 541 0 1.52 1.59 1.91

impinging orthogonally on planar boundaries so they do not ap-
ply directly for this situation, but serve to provide guidelines for
specific acoustic impedance matching goals.

For specific acoustic impedance ratios under 1.35, the loss
due to reflections amounts only to about 0.1dB each way. The
reflected power at this specific acoustic impedance ratio is about
16.5dB below the original power, which may be at a sufficiently
high level to cause concern about unwanted reverberations. To
obtain a reflected power of less than 25dB below the origi-
nal power requires that the specific acoustic impedance ratio
is lower than 1.1. For tissue with a specific acoustic impedance
of 1.54MRayl this corresponds to an area of interest between
1.4MRayl and 1.7MRayl. The specific acoustic impedance ra-
tio between the two lens materials should also be lower than
1.1.

The above analysis gives a set of requirements for the mate-
rials used for the lens. The measured (circles) and calculated
(solid line) longitudinal speeds of sound are plotted in Fig. 8 as
a function of specific acoustic impedance for all the composite
materials. Only Hapflex 541+iM30K and RTV615+Bi2O3 lie
within the region of interest. As the attenuation of the compos-
ite material is proportional to the volume percent of the pow-
der, Hapflex 541 was used as material F without loading to
minimize attenuation. This selection sets a minimum accept-
able specific acoustic impedance of 1.45MRayl for material S.
Again, to reduce the attenuation, RTV615+Bi2O3 with the low-
est MMR within the limit was used: 1 : 0.9. The material prop-
erties of the two materials used for the lens are listed in Table 3.

Using RTV 615+Bi2O3 and Hapflex 541, and an active trans-
ducer aperture of 16.74×16.74mm2, the critical radius, hence
the minimum radius of the lens, becomes 21.7mm. A radius of
the lens of 25.4mm was then chosen to avoid internal reflection

even with a 10% variation of the speed of sound. This gives a
theoretical f-number of 1.86, corresponding to an FOV of 30.1◦.
To cover the whole transducer, including the integrated hard-
ware apodization, the chord length becomes Lchord = 27.3mm,
which results in the fabricated lens having an arc height of
H = 4mm of the curved part of the lens and a total thickness of
4.7mm. The one-way attenuation at 5MHz at the center and at
the edge is therefore 9.9dB and 18.9dB, respectively. The at-
tenuation is a challenge, especially for diverging lenses as a low
f-number and high FOV are desirable resulting in a thick lens.
However, RCA arrays may be less susceptible to the high atten-
uation through the lens, since their element size (and therefore
transmitted or received energy) is more than twice as large as
comparable 1-D arrays.

4.2. Lens Fabrication

A mold of RTV silicone, RTV664 (Momentive Performance
Materials Inc., New York, USA), was cast into a rigid plastic
frame, and a curved surface was formed using a stainless steel
ball bearing with a radius of 25.4mm. A mold assembly was
made, consisting of a flat bottom plate and a top plate with a
circular hole in which a steel ball sat during curing. The frame
was sandwiched between these two plates. During cure, pres-
sure was applied to push the ball down into the mold assembly.
After curing, the ball was removed and the excess RTV664 was
cut away with a scalpel.

A Hapflex 810 primer (Hapco Inc., Hanover, MA, USA) was
applied to the inner part of the rigid plastic frame with a q-
tip, the excess primer was blown away with a nitrogen gun,
and the remaining primer was allowed to set for two minutes.
Hapflex 541 was poured into the rigid plastic frame with the
RTV664 mold in it. It was degassed in vacuum for two min-
utes, and sandwiched between two flat plates. The two plates
were held together with binder clips and the Hapflex 541 was
cured overnight at room temperature in a nitrogen atmosphere
at 375kPa to help reduce voids as suggested by the manufac-
turer.

After curing, the RTV664 mold was removed from the frame
as shown in Fig. 9(a), and a platinum primer, A-306 (Factor
II, Inc., Arizona, USA), was applied to the inner part of the
frame and the Hapflex 541. The primer was dried in a hu-
midity chamber at room temperature for one hour to actuate it.
RTV615 + Bi2O3, in a MMR of 1:0.9, was then poured onto the
Hapflex 541 in the plastic frame, degassed in vacuum for three
minutes, sandwiched between two flat plates, and held together
with binder clips. The RTV615 + Bi2O3 was cured overnight at
45 ◦C. The finished add-on lens seen from the Hapflex 541 side
is shown in Fig. 9(b).

4.3. Measurement setup

To evaluate the performance of the diverging compound lens,
a PZT RCA 62+62 element 2-D array was used, which is de-
scribed in [13]. The lens was placed in front of the probe using
a specialized holder as shown in Fig. 10 and described in [5],
with water as a coupling media between the lens and the trans-
ducer.
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(a)

(b)

Figure 9: Fabrication of the add-on lens. (a): After removal of the gray colored
RTV664, which is used as a mold for the Hapflex 541. (b): The finished add-on
lens seen from the Hapflex 541 side.

Figure 10: The lens module was placed in front of the probe using a holder
(half of the holder is shown in the figure).

The transmit pressure measurements of the lens were carried
out using an AIMS III intensity measurement system (Onda
Corp., California, USA) with an Onda HGL-0400 Hydrophone
connected to the experimental research ultrasound scanner,
SARUS [14]. All elements were excited at the same time with a
1-cycle 3MHz sinusoidal pulse and the hydrophone was moved
in a 56mm by 17.5mm grid in front of the transducer with
a pitch of 0.05mm in both directions and recording the pres-
sure in the center lateral plane with a sampling frequency of
70MHz. At each position five measurements were recorded and
the mean was calculated to average out of the noise of the sys-
tem. Because the hydrophone was moved in a Cartesian coordi-
nate system the directivity should be considered to compensate
the measured signal. As referred to by the hydrophone manu-
facture, ONDA, the directivity of an unbaffled hydrophone can
be estimated by [15, 16]

D(θ) =
1+ cosθ

2
2J1 (kasinθ)

kasinθ
(16)

where D is the directivity function (measured pressure of the
hydrophone normalized to the measured pressure of a normal
incident wave), θ is the angle relative to the normal of the
hydrophone surface, J1 is the Bessel function of first kind of
first order, k is the wave number, and a is the radius of the
hydrophone aperture, which was 200 µm for this specific hy-
drophone. To estimate the angle, θ , the angle between the focal
point to the measurement point and the hydrophone was calcu-
lated. The initial focal depth was estimated from the simulation
and was placed behind the transducer, and are related to the
FOV as stated in (6). By an iterative process the focal depth
was updated using the estimated focal depth of the measure-
ment, hence a new angle was calculated for each point, and a
new beam profile, FOV and focal depth were calculated. This
iteration process was terminated when the change of the FOV
from one iteration to the next was less than 0.01%. The hy-
drophone signal was then scaled at each position in the grid
according to (16).

A synthetic aperture imaging (SAI) sequence was designed
for imaging down to 14cm of depth. It utilized single element
transmissions on the row elements, and the echoes were col-
lected with all the column elements. The elements were ex-
cited with a 2-cycle sinusoidal pulse with a center frequency
of 3MHz. For a speed of sound of 1540m/s, 182 µs was re-
quired to acquire a single image line to a depth of 14cm includ-
ing the lens. For 62 emissions this was equivalent to a volume
rate of 88Hz. This was the same sequence that was used in
[5]. IQ-modulated RF data were used for beamforming a low-
resolution volume for every emission and finally, by summing
all the low-resolution volumes in phase, a high-resolution vol-
ume was generated. The measured IQ-modulated RF signals
were beamformed using a MATLAB (MathWorks Inc., Mas-
sachusetts, USA) implementation of the delay-and-sum (DAS)
beamformer specific to curved RCA arrays and described in [4]
using a FOV of 31◦ to calculate the time delay profile for the
transducer.
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4.4. Beam Divergence

At each measurement position, the maximum pressure am-
plitude was recorded, and the measured beam profiles of both
lens configurations are shown in Fig. 11 together with the sim-
ulated beam profiles. The pressure is normalized to the max-
imum pressure amplitude at each depth, therefore, a constant
amplitude is seen at the center for both the measurements and
the simulations. The −6dB contour lines are shown as dashed
red lines and are used to calculate the FOV. The measured FOV
are 32.2◦ and 30.4◦ for the concave and convex type, respec-
tively. The simulated FOVs are 33.4◦ and 33.0◦ for the con-
cave and convex lenses, which are 3.7% and 8.6% higher than
the measured. One effect contributing to the lower measured
FOV is that there is no out of plane diffraction/divergence of
the beam in the 2-D simulation, whereas that is the case for the
measurements, as it is a 3-D system and the lens is curved in
both directions.

4.5. Imaging

To illustrate the increased FOV obtained using the diverg-
ing compound lens, Fig. 12 shows a wire grid phantom, with
a diameter of the wires of 0.15mm, imaged with (a) and with-
out (b) the convex lens. Both figures show a cross-plane in
azimuth through the wires down to a depth of 14cm and with
a dynamic range of 40dB. Without the lens, Fig. 12(a), only
the three center columns of the wire phantom are visible. The
wires outside the three center columns are to some extent possi-
ble to locate, but the amplitudes are more than 25dB lower than
the center wires. With the convex lens, Fig. 12(b), the wires
within the FOV are all visible with an identical amplitude at
the same depth. However, notice that the signal amplitude of
the beamformed wires decrease with depth, which is due to the
divergence of the energy allowing the increased FOV.

5. Conclusion

This paper investigated compound lenses for ultrasound
transducers to obtain a flat sole. An analytical and a FEM model
of compound lenses have been developed, and they are in agree-
ment with respect to the f-number within 1.5%. A critical radius
of the compound lens exists, where internal reflection within
the lens will occur, and this radius can easily be found from a
simple analytic calculation. A low speed of sound-to-density
powder, Bi2O3, was used to decrease the speed of sound of an
RTV, from 1.03mm/µs down to 0.792mm/µs. Increasing the
speed of sound requires a powder with a high speed of sound-
to-density ratio. BN only increased the speed of sound up to
1.4%, hence complex powders, like micro-balloons (iM30K),
were investigated. Using iM30K, the speed of sound of the
RTV and the Hapflex 541 was increased from 1.03mm/µs
to 1.50mm/µs and from 1.52mm/µs to 1.93mm/µs, respec-
tively. Using a diverging compound lens with RCA transducers
is shown to be a feasible method for increasing the FOV to a
curvilinear volume region in front of the transducer with a FOV
of 31◦. To demonstrate the imaging capability, a wire phantom
was imaged down to a depth of 14cm, and the wires not directly

in front of the transducer and within the FOV were visible.
Challenges still exist with concern to acoustic attenuation of
materials and the thickness of the compound lens. Compound
lenses will always be thicker than corresponding single mate-
rial lenses, due to minimum constituent material thickness re-
quirements. Consequently, alternatives to cylindrical/spherical
shapes are attractive because alternate shapes can reduce over-
all lens thickness.
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Figure 11: Beam profiles of measurements and simulations of the pressure amplitude recored at each position. The pressure is normalized to the maximum pressure
amplitude at each depth, and the dashed red line shows the −6dB contour line, the FOV.
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Figure 12: Beamformed image of a wire phantom. (a): Without the lens only the three center columns of the wire phantom are visible. (b): With the convex lens
the wires within the FOV are all visible with an identical amplitude at the same depth.
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