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ABSTRACT:
Over the past decade, the range of applications in biomedical ultrasound exploiting 3D printing has rapidly
expanded. For wavefront shaping specifically, 3D printing has enabled a diverse range of new, low-cost approaches
for controlling acoustic fields. These methods rely on accurate knowledge of the bulk acoustic properties of the materials; however, to date, robust knowledge of these parameters is lacking for many materials that are commonly used.
In this work, the acoustic properties of eight 3D-printed photopolymer materials were characterised over a frequency
range from 1 to 3.5 MHz. The properties measured were the frequency-dependent phase velocity and attenuation,
group velocity, signal velocity, and mass density. The materials were fabricated using two separate techniques
[PolyJet and stereolithograph (SLA)], and included Agilus30, FLXA9960, FLXA9995, Formlabs Clear, RGDA8625,
RGDA8630, VeroClear, and VeroWhite. The range of measured density values across all eight materials was
1120–1180 kg  m3, while the sound speed values were between 2020 to 2630 m  s1, and attenuation values typiC 2021 Acoustical Society of America. https://doi.org/10.1121/10.0006668
cally in the range 3–9 dB  MHz1  cm1. V
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I. INTRODUCTION

The ability to arbitrarily control acoustic fields in 3D is
vital to a diverse range of applications in biomedical ultrasound. Ultrasonic neuromodulation,1 3D ultrasound imaging,2 therapeutic ultrasound,3 and particle or cell trapping4
all require a means of shaping a transmitted field in 3D. This
is conventionally achieved using piezoelectric arrays.
However, in recent years, the increasing ubiquity and quality of 3D printing has facilitated the development of a variety of different acoustic meta-materials and lenses as a
cheaper alternative.5,6 One such approach is the generation
of acoustic holograms.7 These are 3D-printed phase plates
that are able to map the continuous wave output of a singleelement transducer or array onto a pre-defined phase map
via variations in sound speed and thickness. This phase map
can be designed such that the wavefront diffracts to form an
arbitrary distribution of acoustic pressure.8,9
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Compared to phased arrays, acoustic holograms are
cheap to fabricate, require only a single element transducer,
thus, simplifying the driving electronics, and offer higher
fidelity control over the transmitted phase. One requirement,
both for the design of acoustic holograms and other acoustic
meta-materials, is the need for accurate knowledge of the
acoustical properties of the 3D printing materials. This
allows both for their behaviour to be accurately predicted
and for their efficiency to be maximised for a particular
application.10 However, while a number of works have
reported these parameters,7,11–19 these measurements have
typically been made at a single frequency, reported only
sound speed, and or been carried out on a single or limited
range of materials. A more recent work carried out detailed
measurements on the properties of 3D-printed thermoplastics.20 However, thermoplastics are not generally used for
ultrasonic wavefront shaping due to their very high attenuation. Another work, by Jacquet et al., measured both the
attenuation and dispersion of several photopolymers more
commonly used for acoustic hologram fabrication over the
frequency range 15–55 MHz.21 Harmsen also measured the
properties of a large range of photopolymers centred on
2.25 MHz; however, this work reported just the group velocity without measuring the attenuation and dispersion.22
In the current work, the attenuation and dispersion of a
set of eight 3D-printed photopolymer materials fabricated
using a stereolithograph (SLA) and PolyJet printer were characterised over the frequency range 1–3.5 MHz. These measurements overlap with some of the materials investigated by
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Jacquet et al. but cover a different frequency range for which
different attenuation mechanisms might be dominant.21 These
data will prove valuable to researchers aiming to optimise the
design of acoustic holograms and other meta-materials.
Beyond this specific application to wavefront shaping, the
photopolymers characterised in this work have also been used
for a range of other biomedical applications, including the
generation of complex 3-D bone mimicking imaging phantoms,21,23 teaching phantoms,24 and acoustic absorbers.19
II. METHODS
A. Materials

The materials chosen were eight photopolymers fabricated using two 3D printers covering a range of mechanical
properties. The materials were printed at The Bartlett
Manufacturing and Design Exchange [B-made, The Bartlett
School of Architecture, University College London,
London, UK (UCL)] using two printing techniques, namely
PolyJet (Objet) multi-polymer printing, and stereolithography (SLA). A Stratasys J835 (Stratasys, Edina, MN, US)
was used to print the Agilus30, FLXA9960, FLXA9995,
RGDA8625, RGDA8630, VeroClear, and VeroWhite samples. Of these Agilus30, VeroClear, and VeroWhite are
“primary” materials designed to simulate either poly(methyl
methacrylate) (PMMA) (VeroClear, VeroWhite) or a
rubber-like material (Agilus30), respectively. The materials
FLXA9960, FLXA9995, RGDA8625, and RGDA8630 are
“digital” materials formed by mixing pre-determined ratios
of VeroClear and Agilus30 to generate a range of mechanical properties. A Formlabs Form 3 (Formlabs, Somerville,
MA, US) was used for the Formlabs Clear resin samples.
Two samples of each material were printed as discs
with a diameter of 60 mm and nominal thicknesses of 4 and
8 mm, as required for the through-transmission, two-sample
substitution measurements,25 described in Sec. II C.

Sound speed and insertion loss were measured using a
two-sample substitution technique with reference to deionised water.27 The temperature during the measurements
was 19.5 8C 6 0.5 8C, measured using a calibrated spirit-inglass thermometer (IP39C, G. H. Zeal, London, UK). A
single-element broadband transducer with a centre frequency of 2.25 MHz and active diameter of 13 mm
(Olympus, Waltham, MA, USA) was used as the emitter,
while a 30 mm active element diameter broadband bilaminar
hydrophone (GEC-Marconi, Essex, UK) was used as a
receiver. The devices were connected to an Olympus
5073PR pulser-receiver (Olympus, Waltham, MA, USA),
with typical settings of gain þ10 dB, pulse repetition frequency 1 kHz, energy 4, and damping 1. The recorded
acoustic signals were digitised using a Tektronix DPO7254
Digital Phosphor Oscilloscope (Tektronix UK, Bracknell,
UK) with a time window of 5 ls, sampling rate of 2.5
GSample/s, 12 500 samples, and 5000 averages. Before each
acquisition, the peak negative pressure of the pulse was
aligned to the centre of the time window (see Fig. 2). The
signals were stored using an in-house developed LabVIEW
(National Instruments, Austin, TX, USA) software and later
processed in MATLAB (MathWorks, Natick, MA, USA) (see
Sec. II D).
In order to derive the required acoustic properties, a
pair of acoustic pulses was recorded for each sample: (i) the
water path transmission signal (or reference), and (ii) the
through-sample transmission signal acquired by positioning
the sample in the acoustic path. Along with the sample
thickness values, this set of measurements allows the

B. Density Measurement

The density of the 3D-printed samples was determined
from measurements of mass and sample volumes. The mass
of each sample was measured using a ML203T/00 precision
balance (Mettler Toledo, Columbus, OH, USA) with a resolution of 1 mg. The sample dimensions (diameter and thickness) were measured using a digital precision caliper
(Mitutoyo, Tokyo, Japan) with a resolution of 0.01 mm, and
the volume calculated as V ¼ pr2 L, where r is the sample
radius and L is the sample thickness, expressed in meters.
The sample mass, diameter, and thickness were measured
five times and the mean 6 standard deviation used to calculate the density.
C. Insertion Loss and Sound Speed Measurement

Acoustic properties of the materials were characterized
using a broadband through-transmission setup25,26 available
at the NPL Materials Measurement Facility (National
Physical Laboratory, Teddington, UK) and shown in Fig. 1.
J. Acoust. Soc. Am. 150 (4), October 2021

FIG. 1. (Color online) Measurement setup used to determine the speed of
sound and attenuation. (a) Transmitter/receiver transducer, (b) PMMA
sandwich holder with the sample, and (c) Membrane hydrophone used to
detect the ultrasound transmitted through the sample. The typical distances
are indicated in millimetres.
Bakaric et al.
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The signals were then Fourier transformed using a zeropadded fast Fourier transform (FFT) and the single-sided
amplitude A(f) and phase /ðf Þ spectra were obtained as a
function of frequency f. An example of a pair of recorded signals and their amplitude spectra is shown in Fig. 2.
The insertion loss IL (which includes all losses due to
the insertion of the sample) in dB for each pair of watersample signals was calculated by


As ðf Þ
ILðf Þ ¼ 20 log10
:
(1)
Aw ðf Þ
The attenuation (which includes contributions from both
absorption and scattering), was then calculated from the
average IL across the four repeated measurements for each
of the thin and thick samples, where
aðf Þ ¼

FIG. 2. (Color online) (a) Example of a pair of recorded signals (with and
without the sample) for an 8 mm sample of VeroClear. (b) Corresponding
single-sided amplitude spectra. The second peak arises at the third harmonic
of the transducer resonance frequency (2.25 MHz) due to the very short
pulsed excitation.

simultaneous evaluation of insertion loss and sound speed as
described by Rajagopal et al.27 In order to derive attenuation
from the insertion loss measurements, two samples for each
material with nominal thicknesses of 4 and 8 mm were
used.27 The samples were held in a sandwich holder made
of PMMA, with acoustic windows of 50 mm diameter. The
aperture size was such that no acoustic reflections of the
acoustic beam were generated from the holder. The samples
were aligned by maximizing the magnitude of the reflection
from the sample front interface by using a five degrees-offreedom translation stage.
Four independent sets of measurements were acquired for
each sample by changing the pulser energy once, and the axial
transmitter–receiver separations twice. This is done to exclude
any possible contributions from diffraction and nonlinear
effects.27 Thus, for each material, a set of eight repetitions
were performed (two different sample thicknesses and four
measurements at different distances/pulser settings each).
Typical transmitter–receiver separations used were in the range
from 200 to 300 mm, while the distance between the transmitter and the front face of the sample was on the order of 80 mm.
D. Signal Processing

For each material, the recorded time-domain signals
were processed in MATLAB by first removing any DC offset
(by setting the DC component to zero in the Fourier spectrum) and then filtering the time-domain signals using a
Tukey (tapered-cosine) window with a cosine fraction of 0.25.
2800

J. Acoust. Soc. Am. 150 (4), October 2021

ILthick ðf Þ  ILthin ðf Þ
þ aw ðf Þ:
Lthick  Lthin

(2)

Here, aðf Þ is the frequency-dependent attenuation in units of
dB  cm1, L is the sample thickness in cm, and aw is the
frequency-dependent attenuation in water calculated using a
7th-order polynomial fit to the data in Pinkerton28 (this fit is
available via the waterAbsorption function in the k-Wave
Toolbox.)29
The frequency-dependent phase velocity (or dispersion)
was calculated by first unwrapping the phase values and
then adding the linear component of the phase due to the
offset of the recorded time window (i.e., adding 2pft0 to the
unwrapped phase, where t0 is the time at the beginning of
the recorded time window for that signal). The phase velocity for each pair of water-sample measurements was then
calculated using30
cp ðf Þ ¼

2pfL
;
2pfL=cw  ð/w ðf Þ  /s ðf ÞÞ

(3)

where L is the sample thickness, and cw is the sound speed
in water calculated using the 5th order polynomial fit given
in Marczak31 (this fit is available via the
waterSoundSpeed function in the k-Wave Toolbox29)
Finally, the average phase velocity for each material was
calculated by taking the mean across all eight pairs of measurements (two samples of different thicknesses, four
repeats for each sample).
A power law fit to the calculated frequency-dependent
attenuation aðf Þ and dispersion cp ðf Þ was obtained by simultaneously fitting the data to the analytical expressions32,33
afit ðf Þ ¼ a0 f y
(4)


1
1
y1
y1
cp;fit ðf Þ ¼
þ a0;np tan ðpy=2Þ x  xref
;
cref
(5)
where a0 and a0;np are the power law attenuation prefactor in
units of dB  MHzy  cm1 and Np (rad  s1)y  m1,
respectively, x ¼ 2pf , and cref is the sound speed at the
Bakaric et al.
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reference frequency fref ¼ 2 MHz. The attenuation and dispersion in a causal medium are linked by the
Kramers–Kronig relations,34 and thus fitting to both parameters simultaneously improves the robustness of the fit.35 The
scalar parameters a0, y, and cref were fitted to the measured
data over the frequency range 1.5–3 MHz using a simplex
method (fminsearch in MATLAB) by minimising the objective
function
X
E¼

ðaðf Þ  afit ðf ÞÞ

f

aðf Þ

X

2

þ

2

cp ðf Þ  cp;fit ðf Þ

2

f

cp ðf Þ

:

2

(6)

The square of the mean values is used in the denominator to
normalise the contributions from the attenuation and dispersion misfit to the objective function.
Given the power law fit for the frequency-dependent
phase velocity cp in Eq. (5), the group velocity cg (the speed
at which the overall envelope of the wave travels) can be
calculated directly from the gradient of the phase velocity
with respect to the frequency36
"

  #1
xa @cp
cg ¼ ca 1 
;
ca @x xa

(7)

where the subscript a signifies the scalar values at the centre
frequency of the pulse (in this case 2 MHz). Applying this
expression to Eq. (5) then gives
"

1 ðy  1Þ
þ
cref a0;np xy1
tan ð py=2Þ
cg ¼
a
ca
c2a

#1
:

(8)

If ca is taken as cref (the fitted phase velocity at 2 MHz),
then this simplifies to
cg ¼

cref
1 þ ðy  1Þa0;np xy1
tan ð py=2Þ
a

:

(9)

In most cases, cg  cref as the second factor in the denominator in Eq. (9) is small.
In addition to the group velocity, the signal velocity
(the speed at which the very front edge of the propagating

wave travels) was also calculated. The first time of arrival
was calculated based on the Akaike information criterion.37
The scalar signal velocity was then calculated for each pair
of measurements using
csig ¼

L
;
L=cw  ðtw  ts Þ

(10)

where tw and ts are the extracted time of flight for the measurement in water and with the sample present, respectively
[note the similarity to Eq. (3)]. The reported values for the
signal velocity were again averaged across all eight pairs of
measurements for each material.
E. Uncertainties

The measurement uncertainty was evaluated following the
UK Accreditation Service guide to the expression of uncertainty and confidence in measurement.38 The type A standard
uncertainties quoted in the Results section were determined
according to the methods recommended in Refs. 8 and 39. The
type A error of insertion loss and phase velocity were
calculated as the standard deviation of the four measurement
repetitions for each sample, divided by the square root of the
number of repetitions. The type A error of density and attenuation was determined using the combined standard uncertainty
for uncorrelated quantities.39 Systematic effects arising from
uncertainty in sample thickness are a dominant source of measurement error for all derived material properties, with an average uncertainty of approximately 0.25%. The exception is
Agilus30 with a type A error of 0.5%, most probably due to its
flexible, rubber-like structure, making it more challenging to
measure its thickness. Other sources of uncertainty, including
temperature and instrumentation, have been evaluated according to Ref. 26. Uncertainties are reported as expanded values
with a coverage factor k ¼ 2 and a coverage probability of
95%.
III. RESULTS
A. Measurement results

The measured properties for the eight 3D-printed photopolymers are summarised in Table I. The range of measured
values across all eight materials was relatively small for

TABLE I. Measured acoustic properties of the 3D-printed photopolymers.a)

Agilus30
FLXA9960
FLXA9995
Formlabs
RGDA8625
RGDA8630
VeroClear
VeroWhite

q0 [kg  m3]

cg [m  s1]

csig [m  s1]

cref [m  s1]

a0 [dB  MHzy  cm1]

y

1128
1125
1166
1178
1174
1176
1181
1175

2035
2019
2166
2591
2457
2447
2473
2495

2089
2108
2238
2629
2502
2493
2512
2560

2035
2019
2166
2591
2457
2447
2473
2495

9.109
7.224
5.766
2.922
3.894
3.933
3.696
3.158

1.017
1.019
0.9749
1.044
0.8489
0.9613
0.9958
1.383

a)

Here, q0 is the mass density, cg is the group velocity, csig is the signal velocity, cref is the velocity obtained from the power law fit at the reference frequency fref ¼ 2 MHz, a0 is the power law attenuation prefactor, and y is the power law attenuation exponent. All values given to four significant figures.
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density values which ranged between 1120 to 1180 kg  m3
with a type A uncertainty of 5% for all samples except for
Agilus30, for which the uncertainty was 10% due to the
higher uncertainty in sample thickness, as described in Sec.
II E. The sound speed values were between 2020 to
2630 ms1 with an expanded uncertainty of around
0.5%–0.6% (1% for Agilus30) across the entire frequency
range, and the attenuation values typically in the range
3–9 dB  MHz1  cm1. Expanded uncertainty was evaluated
as in Ref. 26 to be 5% for all materials.

The frequency-dependent attenuation and phase velocity are shown in Figs. 3 and 4. The attenuation and dispersion for seven of the eight materials follow an
approximately linear power law. The fitted power law
curves generally agree well with both the attenuation and
phase velocity data, especially in the frequency range closest to the transducer central frequency (1.5 to 2.5 MHz),
where the signal-to-noise is the highest. At lower frequencies (below 1.5 MHz), the measured phase velocities deviate
from the power law dispersion curves, but typically have

FIG. 3. (Color online) Attenuation (left panels) and phase velocity (right panels) for the first four of the tested 3D-printed photopolymers from Table I. The
solid lines show the calculated values along with the type A uncertainty. The black dashed lines show the fitted power law model (fitted to the data from 1 to
3 MHz). The gray dashed and dotted lines on the phase velocity plots show the group velocity and signal velocity, respectively, for comparison.
2802
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FIG. 4. (Color online) Attenuation (left panels) and phase velocity (right panels) for the second four of the tested 3D-printed photopolymers from Table I.
The solid lines show the calculated values along with the type A uncertainty. The black dashed lines show the fitted power law model (fitted to the data from
1 to 3 MHz). The gray dashed and dotted lines on the phase velocity plots show the group velocity and signal velocity, respectively, for comparison.

higher uncertainty. Note, the precise values of the fitted
power law parameters are sensitive to the frequency range
chosen for the fit, as well as experimental uncertainties.
Thus, while the fits match the experimental data fairly
closely, not too much emphasis should be placed on small
variations between the power law exponent for the different
materials.
Overall, the results show that for the PolyJet samples,
there is a clear distinction between the rubber-like materials
(Agilus30, FLXA9960, FLXA9995) and the more rigid
PMMA-like materials (VeroClear, VeroWhite, RGDA8625,
J. Acoust. Soc. Am. 150 (4), October 2021

RGDA8630). The rubber-like materials have a higher acoustic attenuation and lower sound speed in the frequency range
covered. For the rubber-like materials, there is also a clear
decrease in attenuation and increase in signal velocity as the
Shore-A hardness (values given in brackets) increases, e.g.,
from Agilus30 (30–40) ! FLXA9960 (45–50) ! FLXA9995
(92–95).40 Between the PolyJet materials and the Formlabs
resin, the Formlabs Clear has lower attenuation across the frequency range measured and greater sound speed, and so may
represent the best choice for the fabrication of single material
acoustic holograms.
Bakaric et al.
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Comparing the measured velocities, the signal velocity
(the speed of the front edge of the propagating wave) is
always higher than the group velocity (the speed of the
envelope of the wave) as the measured traces also contain
higher frequency information at the third harmonic (see
Fig. 2), which has a higher phase velocity than the lower frequency components around the transducer centre frequency.
The reference sound speed (which corresponds to the phase
velocity of the fitted dispersion curve at 2 MHz) is typically
very close to the calculated group velocity. If a single value
of sound speed is needed for ultrasound frequencies in the
1–3.5 MHz range, the group velocity or reference velocity
are likely to be the most suitable choice.
B. Comparison with Previously Published Results

There are several previous studies that report some of
the properties measured in the current work. First, the material densities for several of the materials are available from
the manufacturer website.40,41 These include Agilus30 (1140
–1150 kg  m3), Formlabs Clear (Somerville, MA, USA)
(1150–1200 kg  m3), VeroClear (1180–1190 kg  m3) and
VeroWhite (1170– 1180 kg  m3). The measured sample
densities generally fall within the reference range reported
by the manufacturer, and are between 1100 and
1200 kg  m3, with the type A uncertainty ranging between
50 and 100 kg  m3.
Robertson et al. reported measurements for VeroBlack
(another photopolymer similar in composition to VeroWhite)
of cg ¼ 2495 m  s1, a ¼ 3:7 dB  cm1 at 1 MHz (extrapolated based on measurements made at 5 MHz), and q
¼ 1180 kg  m3, which are very close to the values for
VeroWhite reported in Table I.23 For VeroClear, a higher
sound speed and attenuation (1.7 dB  cm1) were found at
2 MHz compared to values reported by Melde et al.,7 though
Melde et al. employed a different printer model for fabrication which could account for some of the discrepancy.
The group velocities for all seven PolyJet materials also
fall within the values reported by Harmsen (660 m  s1)22
with the exception of FLXA9960. A lower attenuation
power law exponent y was found for VeroWhite compared
to Jaquet et al. (1.38 versus 1.77).21 The two measurements,
however, cover a different frequency range (1–3.5 MHz versus 15–55 MHz) and previous works have found differences
in the power law frequency dependence over different bandwidths.35 In particular, the contribution of scattering to the
attenuation, e.g., due to impurities, density variations, or
structures formed during the 3D printing process, may vary
over different frequency ranges. For Formlabs Clear, close
agreement is found with values reported at 0.5 MHz by
Jimenez-Gambin et al.42 of 2580 m  s1 and 1.38 dB  cm1.
IV. SUMMARY

The acoustic properties of eight 3D-printed photopolymer materials widely used for wavefront shaping applications in biomedical ultrasound were measured over a
frequency range from 1 to 3.5 MHz. The materials were
2804
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Agilus30, FLXA9960, FLXA9995, Formlabs Clear,
RGDA8625, RGDA8630, VeroClear, and VeroWhite, and
the properties measured were the frequency-dependent
phase velocity and attenuation, group velocity, signal velocity, and mass density.
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