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open-UST: An Open-Source Ultrasound
Tomography Transducer Array System
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Abstract—Fast imaging methods are needed to
promote clinical adoption of ultrasound tomography
(UST), and more widely available UST hardware could
support the experimental validation of new measurement
configurations. In this work, an open-source 256-element
transducer ring array was developed (morganjroberts.
github.io/open-UST) and manufactured using rapid proto-
typing, for only £2k. Novel manufacturing techniques were
used, resulting in a 1.17◦ mean beam axis skew angle,
a 104 µm mean element position error, and a ±13.6 µm
deviation in matching layer thickness. The nominal
acoustic performance was measured using hydrophone
scans and watershot data, and the 61.2 dB signal-to-noise
ratio (SNR), 55.4◦ opening angle, 10.2 mm beamwidth,
and 54% transmit–receive bandwidth (−12 dB) were
found to be similar to existing systems and compatible
with state-of-the-art full-waveform-inversion image
reconstruction methods. The interelement variation in
acoustic performance was typically <10% without using
normalization, meaning that the elements can be modeled
identically during image reconstruction, removing
the need for individual source definitions based on
hydrophone measurements. Finally, data from a phantom
experiment were successfully reconstructed. These
results demonstrate that the open-UST system is acces-
sible for users and is suitable for UST imaging research.

Index Terms— Interelement variation (IEV), open
source, rapid prototyping, transducer array, ultrasound
tomography (UST).
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I. INTRODUCTION

BREAST cancer screening reduces mortality, but mam-
mograms have lower sensitivity for people with high

breast density, and overdiagnosis causes harm in healthy
people [1]. Ultrasound tomography (UST) is a method for
measuring the 3-D distribution of acoustic properties in an
object and has been demonstrated as a promising technique
for breast imaging [2]. A transducer array is used to transmit
ultrasound waves into the breast from different angles and
measure the transmitted and scattered fields. Full-waveform
inversion (FWI) is a family of UST reconstruction methods
that model the full physics of wave propagation, resulting in
high-resolution images [3]. However, FWI can have a high
computational cost of up to 24 h [4] and further improvement
is still needed to achieve clinically useful reconstruction times
of tens of minutes or less using FWI [5]. UST hardware
allows new measurement configurations to be investigated, but
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Highlights
• This work presents a novel open-source instructional guide for transducer array manufacture with rapid prototyping.

Novel fabrication methods give low interelement variation in acoustic performance.

• The array has a 1.17◦ beam skew angle, a 104 µm element position error, 61.2 dB SNR, 55.4◦ opening angle, 10.2 mm
beamwidth, and 54% transmit–receive bandwidth (−12 dB), and is suitable for UST.

• The open-UST system provides an affordable and reconfigurable UST transducer array. More widely available
hardware could accelerate progress toward fast, accurate UST imaging methods.

Fig. 1. Top left: transducer module during manufacture. Top right:
finished transducer module. Bottom: open-UST system.

there is a high barrier to entry since UST systems are not avail-
able off the shelf, and custom arrays are expensive. Therefore,
more widely available and reconfigurable UST hardware could
accelerate progress toward fast, accurate imaging methods and
promote widespread clinical adoption of UST.

Rapid prototyping technologies, such as 3-D printing, can
be used to manufacture ultrasound hardware in-house, without
expensive specialist equipment [6], [7]. Rapid prototyped
ultrasound hardware is low cost, has a short lead time, and
can be easily modified, but the user has to design components
from scratch. However, rapid prototyped hardware can also be
easily open-sourced, a concept that has already promoted col-
laboration in the UST community [8], [9], which reduces the
upfront design time, and could allow users without transducer
manufacture experience to build a UST system in-house.

Open-source designs have been released for a microbubble
characterization chamber [10] and an acoustic levitation sys-
tem [11], and the files were accompanied by manufacturing
instructions, which are essential for users to access the project.
However, an open-source instructional guide for ultrasound
transducer array manufacture does not exist. This article
presents the design, manufacture, and evaluation of open-UST:
a low-cost UST transducer array system optimized for in-
house manufacture using rapid prototyping (Fig. 1) [12]. The

hardware distribution includes computer aided design (CAD)
models, printed circuit board (PCB) and 3-D printing files,
a bill of materials, assembly videos, and full manufacture doc-
umentation. End users would be UST researchers comfortable
with manual assembly processes, for example, soldering and
polymer casting. The goals of the open-UST project are given
as follows.

1) The manufacture is accessible to users.
2) The design parameters and nominal acoustic behavior

are suitable for UST imaging research.
3) The interelement variation (IEV) in acoustic behavior is

low.

A. Accessibility
For users to access open-UST, the cost and lead time of the

system should be low, meaning that the material cost should
be minimized and only essential features should be included
to accelerate the assembly. Also, the manufacturing processes
should be simple, and it is assumed that users do not have
access to specialist transducer manufacture equipment, only a
vacuum chamber, a 3-D printer capable of printing polylactic
acid (PLA) and polyvinyl alcohol (PVA) filament, and standard
workshop hand tools.

B. Design Parameters and Nominal Acoustic Behavior
The open-UST system should be compatible with FWI

reconstruction methods since they are the state of the art.
Breast UST systems typically have a center frequency between
0.9 [13] and 3 MHz [14], and for FWI to avoid cycle skipping
errors, there must be energy available at very low frequencies.
The goal of this work was to create a system with a 750 kHz
−40 dB cutoff frequency and a 50 dB signal-to-noise ratio
(SNR) since excellent reconstructions have been achieved for
experimental data with these characteristics [3], due to the
tolerance of FWI to noise [4]. The finite bandwidth and size
of physical transducer elements affect the way that they emit
and respond to ultrasound waves, and modeling their angle-
dependent frequency response (ADR) during image recon-
struction can help to better match simulated and observed data,
leading to increased reconstruction accuracy [15]. The open-
UST transducers should have a smooth ADR since this makes
the UST data easier to interpret and allows the response to be
easily incorporated into the reconstruction forward model, for
example, by representing the transducers as ideal pistons with
an effective element size chosen to best represent the watershot
data. The transducer element beamwidth and opening angle
should be <12 mm [16], [17] and >43◦ [18], [19] since other
UST systems with these characteristics have performed well.
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C. IEV in Acoustic Behavior

For transducer arrays, manufacturing tolerances can cause
the individual elements to have slightly different ADRs, small
variations in position, and beam axis skews. These can be
characterized to improve reconstruction accuracy [15], but
this requires additional time, hydrophone measurements, and
computational complexity, presenting another barrier to entry
to users. Although reconstruction methods exist that have
achieved excellent results without modeling the ADR of the
transducer elements [3], their implicit assumption is still that
the transducers behave identically. Therefore, the IEV in
acoustic behavior of the open-UST system must be low so
that the transducers can be modeled identically.

For high-performance arrays, low IEV is achieved using
high-precision manufacturing equipment, for example, dicing
saws, spin coaters, and lapping machines, and thus, a trade-
off between cost and IEV is expected for rapid prototyped
transducer arrays. Previously, the IEV in electrical impedance
was measured for a 3-D printed histotripsy array [6]. In this
article, the IEV in electrical impedance, transmit impulse
response, beam axis skew, beamwidth, opening angle, SNR,
receive crosstalk, and transmit–receive directional response are
assessed for the open-UST system.

Previously, prototype transducer modules were evaluated for
open-UST [20], and low-cost techniques for matching layer
deposition were developed [21]. In this article, the design and
manufacture of the open-UST system is explained, and then,
the experimental evaluation of IEV in acoustic performance is
described. Finally, results from a phantom imaging experiment
are shown as a proof of principle of the open-UST system.

II. DESIGN AND MANUFACTURE

A. Array Design
The open-UST aperture configuration and acoustic perfor-

mance should support typical UST imaging use cases and
facilitate experimentation with new arrangements. Two single-
element or clinical array transducers could be purchased and
mounted to a rotation stage to sample a virtual array [22], [23],
but this configuration has a large data acquisition time, and
thus, multielement transducer arrays that fully surround the
object are typically used instead. Either bowl [24] or rotating
planar [13] configurations are used in 3-D, but the most com-
mon design is a vertically translated 2-D ring array [14], [23],
[25], since these allow data to be collected and reconstructed
in 2-D slices, which is computationally efficient. The standard
open-UST configuration is a 2-D ring array, but its modularity
also allows reconfiguration into 3-D geometries. To simplify
manufacture, each module is a linear array, with a total of
16 modules forming a hexadecagon approximation to a ring.

Current UST systems have between 40 [25] and 2304 [24]
transducer elements. Systems with many elements have denser
sampling and higher image quality but are complex to manu-
facture and require a data acquisition system (DAQ) with an
equivalent channel count or a multiplexer. Rotating the array
can increase the sampling density but adds complexity and cost
and increases the data acquisition time. The standard open-
UST configuration is a 256-element ring array since this is
a typical number of channels available from open ultrasound

TABLE I
KEY PARAMETERS OF THE OPEN-UST TRANSDUCER ARRAY

DAQ platforms [26]. Excellent reconstructions of in vivo data
from 256-element ring arrays have been demonstrated using
FWI [16].

The open-UST array diameter is 220 mm, which is larger
than the pendant breast diameter for an entire study popula-
tion of American women [27]. The diameter and number of
elements constrain the intramodule element pitch, which was
chosen to be 2.54 mm to align with common PCB connector
sizes. An overview of the array design is shown in Table I.

B. PZT Element Selection
The open-UST system uses individual PZT plates for the

transducer elements since users are unlikely to have access
to a dicing saw, and custom-diced PZT slabs are expensive.
PZT 850 was selected as a piezoelectric material, which is
ideal for sensing applications, with an acoustic impedance of
Z p = 31.5 MRayl and frequency constants of NT = 2040 m/s
and NL = 1500 m/s in the thickness and lateral directions,
respectively. The dimensions of the PZT elements affect their
beam patterns, and for 2-D ring arrays, a wide lateral opening
angle and thin elevation beamwidth are required to confine the
waves to a slice through the entire breast.

Decreasing the lateral width of PZT elements increases
their lateral opening angle but decreases their sensitivity and
presents manufacturing challenges. The minimum PZT plate
width widely available off-the-shelf is 1 mm. Fig. 2 shows
the opening angle predictions for lateral widths from 0.7 to
1.5 mm between 800 kHz and 2 MHz, simulated using the
acoustic field propagator [28] from the k-Wave toolbox. For
each simulation, the −6 dB opening angle was extracted from
the far-field directional response in the lateral plane. A width
of w = 1 mm provides a minimum opening angle of 54◦

at 2 MHz, which satisfies the >43◦ design requirement.
A t = 1 mm PZT thickness was selected due to its avail-

ability. A width-to-thickness aspect ratio w/t ≈ 1 can cause
complex behavior due to the interaction of lateral and thickness
vibration modes [29], meaning that the exact plate resonances
could not be calculated from the width and thickness. How-
ever, approximate thickness and lateral resonances of NT /t =

2 MHz and NL/w = 1.5 MHz were predicted, which are
within the center frequency range typically used for UST.

Lenses can provide a thin and uniform elevational
beamwidth [17], but these add complexity to the manufactur-
ing procedure, and instead, the elevation height of the elements
was optimized to provide weak focusing. Fig. 2 shows −6 dB
elevational beamwidth predictions, averaged over all axial
positions from the source to the array radius, for elevational
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Fig. 2. (a) Predicted opening angle as a function of source width and
frequency. (b) Simulated average beamwidth as a function of source
height and frequency. White crosses indicate the optimal elevation
height with minimum beamwidth at each frequency.

heights from 7 to 15 mm, simulated using the acoustic field
propagator. The elevation height was selected as 10 mm due
to its off-the-shelf availability, which is the optimal value
from 1.34 to 1.58 MHz. Following the dimension selection
(summarized in Table I), 1 × 1 × 10 mm PZT elements
(Item 689, APC International Ltd., Mackeyville, PA, USA)
were purchased.

Fig. 3 shows the in-air electrical input impedance spectrum
of a single PZT plate, measured using a vector impedance
analyzer (4193A, Hewlett Packard, Palo Alto, CA, USA).
There are multiple resonances in the phase spectrum from
1.22 to 2.86 MHz, which is a wider range than originally
predicted, highlighting the difficulty in estimating resonances
from the element dimensions alone. This spectrum suggested
that the acoustic center frequency would be close to 1.22 MHz,
and the acoustic response was expected to tail off smoothly
toward 2.86 MHz after adding a damping backing layer,
providing a suitable bandwidth for UST imaging. Although
the 10 mm elevation height is optimal for 1.34–1.58 MHz,
at the 1.22 MHz resonance, the average beamwidth was
10.24 mm, which is only slightly larger than the optimal value
of 10.15 mm.

C. Acoustic Stack Design and Manufacture
The acoustic stack for each element, shown in Fig. 4(o),

is a PZT plate with a backing layer, a quarter-wavelength
matching layer, and a thin polyurethane waterproof
coating. The transducer module manufacturing procedure is
documented on the open-UST website [12] and is summarized
in Fig. 4.

Matching and backing layer composites can be made
by mixing filler powder with castable polymers. Tungsten
powder was chosen because relatively low volume fractions
can produce high impedance composites, which results in
a low enough viscosity for the composite to be properly
hand mixed. Araldite Standard epoxy (Huntsman Advanced
Materials, Cambridge, U.K.) was chosen for the polymer since
it is widely available, low cost, and has a high enough viscosity
to prevent particle settling during curing.

Matching layers are typically tuned to the existing PZT
resonance to achieve an even larger response. Here, the

Fig. 3. Electrical impedance (a) magnitude and (b) phase spectra of
128 transducer elements measured in water, after backing layer casting.
The mean and entire measured range of the data are shown. Red lines
show the in-air electrical input impedance spectra for a single PZT plate
before manufacture.

matching layer resonance frequency was selected to be 2 MHz,
which is higher than the main resonance and in the middle
of the 1.22–2.86 MHz range where an acoustic response was
expected after damping. This was done because boosting
the high frequency content is useful for improving reso-
lution during image reconstruction. Fig. 5 shows that this
design worked as intended. For a tungsten–epoxy composite
used to match PZT with impedance Z p = 31.5 MRayl
to water with impedance Zw = 1.5 MRayl, the target
impedance of the matching layer should be Zl =

√
Z p Zw =

6.87 MRayl. Preliminary testing showed that a tungsten weight
fraction of 86.7% provides a sound speed of 1317 m/s,
an acoustic impedance of 6.67 MRayl [30] and requires a
quarter-wavelength matching layer thickness of 165 µm. For
manufacture, a low-cost deposition method was developed,
first using blade coating [Fig. 4(b)–(d)] and then compression
between glass plates [21], producing a thickness distribution
of 174 ± 13.6 µm (N = 128). To confirm that the transmit
pressure at 1.22 MHz was high enough for imaging using
matching layers tuned to 2 MHz, the on-axis transmit–receive
response of the first batch of two transducer modules was
measured, which showed a high SNR of 61 dB.

A backing layer was added to the rear face of each PZT
element to increase damping and widen the bandwidth. For
tungsten–polymer composites, increasing the tungsten weight
fraction increases acoustic impedance but decreases attenua-
tion [31]. Previous prototyping showed that a tungsten weight
ratio of 80.8% has a high enough impedance to provide
damping and a high enough absorption to attenuate internal
backing layer reverberation to below the noise floor [20].
A common backing layer was cast onto the rear electrodes of
the PZT elements with a 24 mm thickness, and its rear face
was given a scattering structure to further attenuate backing
layer reverberation [Fig. 4(h) and (i)].

A 400 µm layer of Aptflex F7 polyurethane (Precision
Acoustics, Dorchester, U.K.) was added to the front face of the
transducer, to provide electrical insulation. This material has
an acoustic impedance of 1.5 MRayl, making the transmission
coefficient at the coating-water boundary approximately 1.
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Fig. 4. (a)–(n) Summary of the transducer module manufacture.
(o): Cross section through the acoustic stack.

The total material cost of the manufacture was £2k, com-
prising £906 for the PZT elements, £140 for 3-D printing fil-
ament, and £954 for off-the-shelf components, adhesives, and
consumable materials. The total manufacture duration was four

months of one person working full time, including the manu-
facture of custom tooling. Due to the large number of trans-
ducer modules and elements, most manufacture processes were
typically performed in eight separate batches, meaning that
the time taken for 3-D printing parts was not a limiting factor,
since this took place in parallel to the manual assembly steps.

III. NOMINAL ACOUSTIC PERFORMANCE AND IEV
After the 16 array modules were manufactured, their nom-

inal acoustic performance and IEV were characterized. All of
the results are shown without normalization and are summa-
rized in Table II.

A. Electrical Input Impedance
Fig. 3 shows the electrical input impedance of the trans-

ducer elements immersed in deionised water, measured after
backing layer casting. The phase spectra have a peak at
1.22 MHz matching the series resonance of the in-air PZT
plate, with a small −8.58◦ phase angle. This indicates rela-
tively weak damping and qualitatively matches the expected
behavior for a low backing layer to PZT impedance ratio of
Z B/Z P = 0.22 [32].

The IEV in impedance magnitude and phase was low, with
no defective channels. The ±4.96◦ standard deviation in peak
phase angle is very similar to the ±5.7◦ standard deviation
reported for 144 UST transducer elements manufactured using
advanced equipment [33], with a smaller overall range. This
demonstrates the reliability of the conductive-epoxy technique
used to connect the PZT element electrodes to the PCB and
also demonstrates that the matching layers, PZT plates, and
backing layers have uniform acoustic properties and dimen-
sions. The ability to measure the electrical input impedance
of the acoustic stack during manufacture is a useful interface
since it allows users to discard defective transducer modules as
soon as possible or to collect data when making modifications,
such as changing the PZT element dimensions.

B. Transmit Impulse Response
Fig. 5 shows the mean transmit impulse response for 64 ele-

ments, measured using a calibrated 200 µm polyvinylidene
fluoride needle hydrophone (Precision Acoustics, Dorchester,
U.K.) after driving each element with a unipolar 80 ns pulse,
using a Vantage 256 (Verasonics, Inc., Kirkland, WA, USA)
with an 8 � + jω(1.4 µH) output impedance. This pulse is
much shorter than the driving conditions used for imaging and
excited a harmonic at 6.8 MHz. The impulse response was
low-pass filtered (cutoff 5 MHz) so that the waveform shape
and IEV could be more easily visualized in the frequency
range of interest.

The −6 and −12 dB fractional bandwidths are 53%
and 175%, with passbands at 967 kHz–1.67 MHz and
833 kHz–3.23 MHz, respectively. Fig. 5 shows the weak res-
onance features from the 1.22 MHz acoustic center frequency
up to 2.86 MHz, which correspond to the in-air PZT reso-
nances shown in Fig. 3. The IEV in impulse response was low
with no outliers and only a small amplitude deviation at reso-
nance of ±6.9%, which again demonstrates the consistency in

Authorized licensed use limited to: University College London. Downloaded on October 28,2024 at 17:43:37 UTC from IEEE Xplore.  Restrictions apply. 



ROBERTS et al.: oPEN-UST: AN OPEN-SOURCE ULTRASOUND TOMOGRAPHY TRANSDUCER ARRAY SYSTEM 787

Fig. 5. (a) Transmit impulse response hydrophone signals, aligned
in time. (b) Amplitude spectra are shown before and after low-pass
filtering (LPF). The red line shows the mean amplitude spectra of N = 16
transducer elements without matching layers (displayed with the same
decibel reference).

the acoustic properties and dimensions of the matching layers,
PZT plates, and backing layers.

Fig. 5 also shows the mean amplitude spectrum of a proto-
type 16-element module manufactured identically to the final
transducers, but without matching layers. Comparing the two
spectra shows that tuning the matching layer resonance to
2 MHz to boost the high frequency response was successful
since the −6 and −12 dB bandwidths increased from 39%
and 70% to 53% and 175%, respectively. At the 1.22 MHz
center frequency, the mean amplitude was 4.7% lower for the
16 elements measured without matching layers.

Users could tune the matching layer resonance by choosing
a different thickness during manufacture, or the matching lay-
ers could be omitted altogether, which could reduce manufac-
ture time by two months. Fig. 5 shows that this may decrease
image resolution due to the lower SNR above 1.4 MHz, but
the low frequency data required for FWI would be unaffected.

C. Field Scans
Fig. 6 shows the peak positive pressure field of a single

element (channel 8). To reduce acquisition time, field scans
were performed for three modules with all 16 elements driven
simultaneously with a one-cycle 1.40 MHz 80 V tristate pulse
using a Vantage 256, which matches the driving conditions
used for UST imaging. Hydrophone voltage signals were
acquired over a 100.1 mm × 20.3 mm plane (0.35 mm step
and 30.45 mm axial offset), within a time window, including
the entire pulse. The frequency dependent sensitivity of the
hydrophone was deconvolved to obtain the pressure, and the
measured field was backprojected to the source plane using
the angular spectrum method [34]. A mask was used to isolate
the source field of each element, which was then reprojected
forward to five planes from z = 70 mm to z = 110 mm (for
channel 8, the entire peak pressure field was projected for
visualization). The pressure amplitude field of each element
F(x, y, z, f ) was calculated using a fast Fourier transform,
and the beam axis was located at each axial z position by

Fig. 6. Peak pressure field for element 8, normalized, and log com-
pressed. (a) Lateral plane and directional response profile calculated
using 2-D interpolation. (b) Elevational plane and elevational response
profile. The projected planes and the beam axis intersection points are
also shown.

TABLE II
SUMMARY STATISTICS FOR THE OPEN-UST

TRANSDUCER RING ARRAY

calculating the weighted centroid (xc, yc, fc) of a cross section
through the field, ignoring values below −6 dB (see Fig. 6).

D. Beam Axis Skew Angles
Fig. 7 shows the distribution of elevational and lateral

beam axis skew angles for 48 elements, calculated in the far
field using linear fitting to the beam axis intersection points
(xc, yc, z) defined above. Transducer body misalignment rela-
tive to the hydrophone scan axes was estimated to be 0.115◦
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Fig. 7. Histograms showing the distribution of (a) elevational skew
angle, (b) lateral skew angle, (c) elevational beamwidth, (d) lateral
opening angle, (e) on-axis SNR, and (f) receive crosstalk.

and 0.337◦ in the elevation and lateral planes, respectively,
based on surface height data acquired from the transducer
body and by inspecting phase differences at the source plane.
During UST imaging, the transducer modules are mounted in
the same fashion, and thus, the misalignment is also expected
to be very small.

The small skew angles show that the PZT elements are
well aligned relative to the transducer module, and that beam
skew caused by nonuniformity in matching layer thickness
is negligible. The lateral skew is larger than the elevational
skew because the small element width makes alignment in this
plane more sensitive to manufacture error. The beam axis skew
angles are so small that they could be ignored during image
reconstruction, which simplifies the transducer modeling.

E. Beamwidth, Opening Angle, and Angle-Dependent
Frequency Response

Fig. 8 shows the mean elevational response (amplitude as
a function of elevation position y and frequency f at the
center of the ring array zc = 110 mm) and mean far-field
directional response of 48 elements, which were derived from
the amplitude fields calculated previously (see Fig. 6).

The ADR is smooth in both planes, suggesting that it could
be easily incorporated into the forward model during image
reconstruction. The standard deviation in the elevational and
directional responses of the elements is low (maximum 9.5%
and 11.5%), which is further evidence of the very small beam
axis skew angles and the uniformity in the effective sizes
of the elements. Fig. 7(c) shows the distribution of −6 dB
elevation beamwidth (at the ring array center) and the −6 dB
opening angle, extracted at the centroid frequency fc from the
elevational and directional responses, respectively.

The nominal beamwidth of 16.3 mm at the ring array
center closely matches the predicted value of 16.4 mm at
1.22 MHz from the simulations in Section II-B, demonstrating
that the mean effective radiating length of the elements closely
matches the ideal value of 10 mm. The beamwidth can
therefore be predicted by simulation at all axial positions,
which gives a 10.2 mm average beamwidth from z = 0 to

Fig. 8. (a) Mean elevational response. (b) Standard deviation, relative to
maximum of mean. (c) Mean far-field directional response. (d) Standard
deviation, relative to maximum of mean.

z = 110 mm at 1.22 MHz. This meets the <12 mm design
requirement. The nominal opening angle of 55.4◦ is smaller
than the predicted value of 95.1◦ at 1.22 MHz from Fig. 2(a),
which could be due to the strong lateral resonance modifying
the radiating pressure, producing an effective source width
larger than the physical extent of the elements [35]. This
opening angle meets the >43◦ design requirement.

The low IEV in ADR is summarized by the small stan-
dard deviations in elevational beamwidth and lateral opening
angle of 0.456 mm and 2.96◦, respectively. This demonstrates
that the radiating source pressure distribution was consistent
between elements, meaning that the variation in matching layer
geometry and acoustic properties was small.

F. On-Axis Transmit–Receive Response
Fig. 9 shows the transmit–receive response for 256 on-axis

transmit–receive element pairs, measured in a ring array con-
figuration in deionised water. To acquire the watershot, each
transmitter was driven with a one-cycle 1.40 MHz 80 V tristate
pulse using the Vantage 256, and receive data was measured
on all other elements. This was repeated for all transmitters.
The transmit–receive bandwidth is 54% at −12 dB and 170%
at −40 dB, with a center frequency of 1.21 MHz. The
mean −40 dB cutoff frequency is 528 kHz, which meets the
<750 kHz design requirement.

The IEV in on-axis transmit–receive response of the trans-
ducer elements was low, with only a small amplitude devia-
tion at the resonance of 7.9%, which captures the combined
uniformity in transmit pressure, receive sensitivity, and beam
axis alignment. Table II shows a 0.07 µs standard deviation
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Fig. 9. On-axis transmit–receive response. (a) Measured voltages,
aligned in time. (b) Amplitude spectra. The mean and the entire mea-
sured range of the data are shown.

in arrival time for the on-axis signals, corresponding to a
104 µm deviation in acoustic path length or 8.4% of a
cycle at 1.21 MHz. For comparison, the position errors for
a UST bowl array manufactured with a 10 µm tolerance were
between 300 µm and 1 mm [36]. This shows that the low-cost
techniques used for PZT element alignment are accurate.

The distribution of on-axis SNR is shown in Fig. 7(e),
calculated using the first 7.9 µs of each received signal and
3.9 µs of noise, with a nominal value of 61.2 dB, which meets
the >50 dB design requirement. This does not include the
insertion loss due to breast tissue, which can be as high as
37 dB at 3.2 MHz [37] or 12 dB at 1 MHz, assuming a
linear frequency dependence. This would decrease the SNR
to 49.2 dB, but this is still high and averaging could be used
to improve SNR further.

G. Directional Transmit–Receive Response
Fig. 10 shows the off-axis transmit–receive response,

defined as the peak value of the amplitude spectrum for the
watershot dataset above, with the rays grouped into 5◦ bins
based on their emission and incidence angle.

Although data are not available for all bins, Fig. 10 shows
that the transmit–receive directional response is smooth, sug-
gesting that the transducer elements could be modeled using
an ideal rectangular source during image reconstruction. The
SNR is also shown to be reduced by up to −14.9 dB when
the emission and incidence angles are greater than 45◦. The
IEV in off-axis response was low, with a maximum standard
deviation of 8.3%, again showing that the beam axis skew
angles are small and that the effective radiating dimensions of
the sources are uniform.

H. Receive Crosstalk
Fig. 11 shows an example of receive crosstalk between

channels in the watershot data due to capacitive coupling in
the bundled ribbon cable. The receive crosstalk distribution
is shown in Fig. 7(f), defined as a power ratio between
the crosstalk and acoustic signal for each receive wave-
form. The mean crosstalk was −37.1 dB, which did not affect
the accuracy of the time-of-flight picking during the imaging

Fig. 10. Transmit–receive directional response. (a) Mean amplitude.
(b) Standard deviation, relative to maximum of mean.

Fig. 11. Example of receive crosstalk. A single aggressor channel is
shown, but the crosstalk on the receptor channel is the superposition of
the coupling to all other channels in the transducer module.

experiment in Section IV. The coupling could be reduced using
microcoaxial cables or individually shielded twisted pairs, but
these are expensive, less widely available, and would increase
manufacture time. Further work is required to assess the effect
of the receive crosstalk on FWI reconstructions.

IV. UST IMAGING EXPERIMENT

A phantom UST experiment was performed to demonstrate
the suitability of the open-UST system for imaging research.
The phantom was constructed to mimic the coronal plane
of the breast, with a constant elevational cross section to
reduce the out-of-plane errors arising from the finite elevation
beamwidth of the transducer elements. Fig. 12(b)–(f) shows
the phantom manufacture, the tissue-mimicking liquids, and
their sound speeds measured using through-transmission on
homogeneous samples. Phantom and watershot UST datasets
were acquired using the method described in Section III-F.

Fig. 12(a) shows the reconstructed sound speed, calculated
using Kaczmarz’s method of projections [38] to invert the
relative arrival time data (this code has been made available
on GitHub [39]). The arrival time for each waveform was
first estimated using an Akaike information criterion (AIC)
method [40] and then refined by finding the delay that min-
imizes the L2 distance to a reference waveform with known
arrival time. The adipose and fibroglandular regions and all
four of the 9 mm inclusions were resolved, but the three
5 mm inclusions and left fibroglandular boundary are distorted
because the straight ray model does not capture refraction
or diffraction. To compensate for the shape distortions, the
reconstruction algorithm estimates biased sound speed values
to maintain the correct time of flight across the object. There
is also a streaking artifact due to the relatively small number
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Fig. 12. (a) Reconstructed sound speed. (b) True phantom sound
speed map and tissue-mimicking liquids [the same color scale used for
(a) and (b)]. (c)–(f) Phantom manufacture using PET bottles and straws.

of elements. Nevertheless, this is good proof of principle that
the open-UST system is suitable for imaging.

V. DISCUSSION AND SUMMARY

The total material cost of the 256-element transducer array,
including cables, was £2k, which is very low. Users without
access to a 3-D printer and vacuum chamber could purchase
this equipment for <£5k. The cost could be reduced further
by using a thin backing layer with a phase canceling structure
on the rear face [41] to reduce the required volumes of
tungsten and epoxy. Also, the electromagnetic shielding could
be omitted to reduce time and cost, and receive averaging
could be used instead to reduce noise. The four-month man-
ufacture of the open-UST system is a short lead time for a
transducer ring array, but adds staffing costs since the majority
of the manufacture requires manual assembly. This could be
addressed by omitting the matching layers, as discussed in
Section III-B. For this work, a commercial 256-channel DAQ
was used, but lower cost alternatives are available [26] or a
multiplexer [42] could be built to sequentially switch a pulser
between each transmit channel and an oscilloscope between
each receive channel, since this equipment is widely available.

The open-UST system has a similar cost and lead time to
purchasing a pair of single-element or clinical array trans-
ducers, and using a rotation stage to create a virtual array.
However, these configurations have a significantly higher data
acquisition time and mechanical complexity. Also, the open-
UST system can be modified during the design phase, for
example, changing the ADR of the elements by adjusting
their dimensions, which is not possible with off-the-shelf
clinical probes and would instead require expensive custom
commercial arrays.

Due to its open-source design, the functionality of the
open-UST system could be extended by adding temperature
measurement, onboard multiplexing, or electrical impedance
matching to the interconnect PCB. The impulse response could

be modified by adjusting the thickness and acoustic properties
of the matching and backing layers. However, further work
is needed to create a publicly available database of the
acoustic properties of various metal filler/polymer composites,
to reduce the upfront time spent on tuning the compositions
to achieve the desired properties. The PZT element size could
also be modified, but Section II-C demonstrated that it is not
straightforward to predict the resonance behavior of small PZT
elements from their dimensions alone, without using finite-
element analysis. The open-UST system could also be a useful
starting point for the rapid prototyping of low-cost transducer
arrays for applications outside of breast UST, for example,
in ultrasound therapy, rewarming, or industrial nondestructive
testing.

The open-UST manufacture was designed to be accessible,
without using specialist equipment. Tight manufacturing toler-
ances were achieved, but these depended heavily on calibrated
offsets added to CAD models to compensate for systematic
3-D printing errors. Further work is needed to assess whether
end users could replicate these results, without the experience
gained during the prototyping phase.

The nominal bandwidth, beam pattern, and SNR are similar
to other UST arrays and are compatible with FWI methods,
and thus, the open-UST system is suitable for UST imag-
ing. The smooth ADR of the transducer elements could be
modeled by representing the elements as ideal rectangular
sources [43] during FWI reconstruction, with dimensions
chosen to best match simulated and measured watershot
datasets. This removes the need for an individual source
definition based on additional hydrophone measurements, sim-
plifying the calibration for the user. The electromechanical
impulse response could also be derived from Fig. 9 using
de-autoconvolution [44].

Section III showed that the IEV in ADR was low, the
on-axis position errors were small enough to be calibrated
using simple time-of-flight methods [36], and the beam axis
skew angles were negligible. Therefore, users could model the
transducers identically during image reconstruction, avoiding
the need to characterize individual elements using hydrophone
scans, which would add complexity. Only the ADR amplitude
information was assessed in this article, but since the image
reconstruction was successful, the IEV in the phase is also
expected to be low. Further work is required to assess the
reconstruction accuracy using FWI methods, in the case where
the transducers are assumed to be identical.

The IEV in transmit–receive response was characterized for
all of the elements in the array and was similar to the IEV
in the other characteristics. Therefore, the summary statistics
in Table II calculated for an array subset are likely to reflect
the acoustic performance distribution of the entire array. The
IEV in electrical impedance, fractional bandwidth, opening
angle, and element position was similar to other UST systems
manufactured using advanced equipment. This demonstrates
that the low-cost techniques used for open-UST manufacturing
framework also achieved high precision and low variation.

This article presented open-UST: a manufacturing frame-
work for a low-cost transducer ring array. The acous-
tic performance and IEV were evaluated, and a phantom
experiment was carried out to demonstrate the suitability of
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open-UST for imaging research. A manufacture guide has been
made available online [12].
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