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ABSTRACT:
Photopolymer-based additive manufacturing has received increasing attention in the field of acoustics over the past

decade, specifically towards the design of tissue-mimicking phantoms and passive components for ultrasound imag-

ing and therapy. While these applications rely on an accurate characterization of the longitudinal bulk properties of

the materials, emerging applications involving periodic micro-architectured media also require the knowledge of the

transverse bulk properties to achieve the desired acoustic behavior. However, a robust knowledge of these properties

is still lacking for such attenuating materials. Here, we report on the longitudinal and transverse bulk properties, i.e.,

frequency-dependent phase velocities and attenuations, of photopolymer materials, which were characterized in the

MHz regime using a double through-transmission method in oblique incidence. Samples were fabricated using two

different printing technologies (stereolithography and polyjet) to assess the impact of two important factors of the

manufacturing process: curing and material mixing. Overall, the experimentally observed dispersion and attenuation

could be satisfactorily modeled using a power law attenuation to identify a reduced number of intrinsic ultrasound

parameters. As a result, these parameters, and especially those reflecting transverse bulk properties, were shown to

be very sensitive to slight variations of the manufacturing process. VC 2022 Acoustical Society of America.
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I. INTRODUCTION

Additive manufacturing (AM), also referred to as three-

dimensional (3D) printing, is a manufacturing process in

which the constituent materials are selectively placed in

space to create customized objects with non-uniform proper-

ties, either by tailoring the internal structure of the objects

(e.g., porosity, periodic lattices) or by varying the relative

proportion of the deposited materials (e.g., functionally

graded density and/or stiffness) (Mirzaali et al., 2020). The

diversity of AM technologies has led to a variety of pro-

cesses capable of printing objects using material ingredients

ranging from elastomers and polymers to metals. In particu-

lar, photopolymer-based AM has experienced a wide dis-

semination in engineering and science over the past years,

and its versatility also has contributed to the field of acous-

tics (Naify et al., 2022). This concerns not only biomedical

applications, such as the prototyping of tissue-mimicking

phantoms for ultrasound imaging system assessment

(Cloonan et al., 2014) or the conception of scaffolds

intended for tissue engineering uses (Aliabouzar et al.,
2018), but also the design of passive components for wave

front shaping applications, including backing material,

lenses and matching layers for piezoelectric transducers

(Farinas et al., 2016), acoustic holograms to correct trans-

cranial focused ultrasound aberrations (Ferri et al., 2019),

and other metamaterials for wideband acoustic absorptions

(Yang et al., 2020).

Photopolymer-based AM is a layer-by-layer process

and the properties of the produced samples depend on sev-

eral characteristics, such as the mechanical properties of the

material ingredients and their spatial arrangement, as well as

the printing resolution, orientation, and post-processing

(e.g., curing time and temperature) (Honarvar and Varvani-

Farahani, 2020). Thereby, the achievement of complex

materials and structures with specific acoustic responses

relies on an accurate knowledge of the bulk acoustic proper-

ties of the elementary constituent materials. Within this con-

text, a limited number of works have been carried out to

report on the longitudinal bulk properties (i.e., phase veloc-

ity and attenuation) of photopolymer materials, as well as on

their frequency dependence, by using different ultrasound

methods, including a broadband reflection measurement

technique using a focused single-element transducer

(Jacquet et al., 2015; Jacquet et al., 2018), a two-sample

substitution technique using a single-element broadband

transducer as an emitter and a bilaminar hydrophone as a

receiver (Bakaric et al., 2021), and a pulse-echo technique

using a linear transducer array for launching and detecting a

wideband plane wave (Aghaei et al., 2022). Although thea)Electronic mail: nicolas.bochud@u-pec.fr
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reported longitudinal bulk properties are valuable towards

ultrasound imaging and therapy purposes, emerging applica-

tions involving 3D-printed periodic micro-architectured

media also require the knowledge of the transverse bulk

properties to account for possible coupling mechanisms

(Fielder and Nair, 2022; Kruisov�a et al., 2018). To date,

however, transverse bulk properties are still lacking for such

photopolymer materials in the MHz regime.

Notwithstanding, long before the recent democratiza-

tion of 3D printing, several methods have been developed

for measuring transverse waves propagating in other types

of attenuating materials. In particular, measurements in

oblique incidence have been proposed to exploit mode con-

version along the liquid–solid interface, which can be

achieved using either simple transmission (Pearson and

Murri, 1987; Rokhlin and Wang, 1992; Wu, 1996) or double

through-transmission (Chu and Rokhlin, 1994). However,

the former method suffers from a significant drawback,

because it needs two transducers and requires shifting the

receiving transducer, since the wave path is modified due to

refraction at the water-solid interface in oblique incidence.

In contrast, the latter method requires a single transducer

only (that acts both as an emitter and receiver), since the

wave is transmitted through the solid, reflected by a plane

reflector, and then travels back to the transducer after a sec-

ond transmission through the solid. Therefore, the trans-

ducer remains fixed, as the wave follows the same path back

and forth, regardless of the incident angle. Moreover, it has

been shown that using the wave transmitted back and

forth through the solid in normal incidence as a reference,

instead of a wave transmitted through water, decreases the

uncertainties on the measured transverse phase velocity and

attenuation, which may arise from geometric sample imper-

fections and uncertainty on the water celerity (Chu and

Rokhlin, 1994). Even more important, the double through-

transmission method also reduces the amplitude differences

between the different waves being compared. Indeed, for

highly attenuating materials and especially for transverse

wave propagation, this amplitude difference could be in the

same order of magnitude than the dynamic range of the

transducer, leading to weak signal to noise ratio (SNR) or

signal distortion.

Here, we propose to adapt the double through-

transmission method initially introduced by Chu and

Rokhlin (1994), to extract not only the phase velocity of

both longitudinal and transverse waves propagating in pho-

topolymer materials, but also their attenuation, as well as

the frequency dependence of these ultrasound characteris-

tics. The investigated samples were manufactured using two

different printing technologies—stereolithography (SLA)

and multi-material polyjet—and included standard white

and clear resins (uncured and cured), as well as mixtures

made of varying volume fractions of a rigid glassy polymer

and a compliant rubbery polymer. Overall, this approach

was motivated by two main objectives. First, it allows for

the quantitative assessment and comparison of the ultra-

sound properties of samples that undergo slight variations in

their manufacturing process, induced either by the curing or

by the varying volume fractions. Second, it allows constitut-

ing a dataset of experimentally measured ultrasound charac-

teristics for photopolymer materials, which will be valuable

for the computational calibration and validation of models

involving more complex spatial arrangements towards the

design of programmable acoustic responses (Kruisov�a et al.,
2016; Loving et al., 2018; Miniaci et al., 2018).

The remainder of the paper is organized as follows:

Sec. II revisits the theoretical principles and underlying

hypotheses of the double through-transmission method in obli-

que incidence. Section III describes the additively manufac-

tured samples, the ultrasound measurements setup, together

with the dedicated signal processing steps used to extract the

relevant ultrasound characteristics, and the method used for

expressing the measurement uncertainties. The approach used

to model the experimentally observed dispersion and attenua-

tion, along with the inverse procedure used to identify a

reduced number of intrinsic ultrasound parameters, is then

introduced in Sec. IV. Finally, the obtained results, along with

the strengths and limitations of the proposed approach, are dis-

cussed in Secs. V and VI, respectively.

II. DOUBLE THROUGH-TRANSMISSION METHOD
IN OBLIQUE INCIDENCE

The proposed approach relies on two independent mea-

surements only, which combine normal and oblique inciden-

ces, as schematically depicted in Fig. 1. In the general case,

the measurement under oblique incidence would require the

knowledge of the angles of propagation of the transmitted

waves, denoted by hL for longitudinal waves and hT for

transverse waves, which depend upon the angle of the inci-

dent wave, denoted by hI, according to Snell’s law,

sin hL

vL
¼ sin hT

vT
¼ sin hI

cw
; (1)

where vL and vT are the phase velocities of the longitudinal

and transverse waves, respectively, and cw is the water

sound wave celerity.

Since both longitudinal and transverse waves would

remain propagative for incident angles hI lower than the crit-

ical angle hcr
I ¼ arcsinðcw=vLÞ, in the following, we focus on

the specific case where only transverse waves can propagate

(i.e., hI > hcr
I ). In this case, the first measurement under nor-

mal incidence provides the displacements of the front face

reflection u1ðtÞ, the back face reflection u2ðtÞ, and the double

through-transmitted signal u3ðtÞ [see Fig. 1(a)]. Likewise,

the second measurement under oblique incidence provides

the double through-transmitted signal u4ðtÞ [see Fig. 1(b)].

The proposed method relies on several hypotheses.

First, the attenuation in water is assumed to be negligible

compared to that in the solid. Second, the distance d
between the transducer and the solid, so as the distance D
between the transducer and the reflector, are assumed to be

very large compared to the sample thickness h. Thereby,

since the method exploits different echoes with close wave
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paths relative to one another, the contribution of diffrac-

tion effects can be neglected, and the acoustical field can

be modeled under the plane wave assumption. Third, the

duration of the pulse is assumed to be smaller than the

time-of-flight of the wave traveling back and forth

through the solid [i.e., h is sufficiently large to separate

the echoes u1ðtÞ and u2ðtÞ], which implies that there are

neither constructive nor destructive interferences between

the different echoes. Fourth, the solid is assumed to be

isotropic.

Under those assumptions, the displacement components uiðtÞ,
with i ¼ 1;…; 4, can be written in the Fourier domain as

UiðxÞ ¼ AiðxÞ exp ðjuiðxÞÞ, where AiðxÞ and uiðxÞ denote

the amplitude and phase spectra, respectively, j being the

unit imaginary number. Hence,

U1ðxÞ ¼ A1ðxÞ exp ðju1ðxÞÞ
¼ RnðxÞU0ðxÞ exp ð�2jkwdÞ; (2a)

U2ðxÞ ¼ A2ðxÞ exp ðju2ðxÞÞ
¼ �RnðxÞTnðxÞU0ðxÞ
� exp ð�2jðkwd þ kLðxÞhÞÞ; ð2bÞ

U3ðxÞ ¼ A3ðxÞexp ðju3ðxÞÞ
¼ RrefðxÞT2

nðxÞU0ðxÞ
� exp ð�2jðkwðD� hÞþ kLðxÞhÞÞ; ð2cÞ

U4ðxÞ ¼ A4ðxÞ exp ðju4ðxÞÞ
¼ RrefðxÞT2ðhI;xÞU0ðxÞ
� exp ð�2jðkwðD� LzÞ þ kTðxÞLÞÞ; ð2dÞ

where U0ðxÞ is the spectrum of the emitted wave,

U1ðxÞ; U2ðxÞ; U3ðxÞ are the spectra of the echoes recorded

in normal incidence [see Eqs. (2a)–(2c)], and U4ðxÞ is the

spectrum of the echo recorded in oblique incidence [see

Eq. (2d)], which is given for the case where the angle of

incidence hI > hcr
I only. The wave number in water is

denoted by kw ¼ x=cw, whereas the longitudinal and

transverse wave numbers in the solid are denoted by kLðxÞ
and kTðxÞ, respectively. The water–solid and water-reflector

reflection coefficients are denoted by RnðxÞ and RrefðxÞ,
respectively. The total transmission coefficient (that

accounts for solid– water interfaces for both front and back

faces) in normal incidence is given as

TnðxÞ ¼
4ZwZLðxÞ

Zw þ ZLðxÞð Þ2
; (3)

where Zw ¼ qwcw and ZL ¼ qvLðxÞ are the acoustic impedan-

ces of water and of the solid, qw and q being their respective

mass densities. In oblique incidence [recall Eq. (2d) and

Fig. 1(b)], the distance L ¼ h= cos ðhTÞ corresponds to the

path of the wave into the solid and Lz ¼ L cos ðhT � hIÞ repre-

sents its projection along the z-axis (according to the orthonor-

mal basis for the space depicted in Fig. 1). In such a case, since

the angle of incidence hI > hcr
I , only transverse waves are

propagative in the medium, so that the total transmission coef-

ficient TðhI;xÞ can be derived from the continuity equations

for stresses and displacements at both interfaces as in Royer

and Dieulesaint (1999),

TðhI;xÞ¼
4

Zw coshL

ZLðxÞcoshI

v2
TðxÞ

v2
LðxÞ

sin 2hL sin 2hT�
v2

TðxÞ
v2

LðxÞ
sin 2hL sin 2hTþcos22hTþ

Zw coshL

ZLðxÞcoshI

�2
:

(4)

[See the supplementary material for the detailed calculations

for retrieving the total transmission coefficient TðhI;xÞ.1] By

combining Eqs. (2a) and (2b) and given that the wave number

under normal incidence can be stated as kLðxÞ ¼ x=vLðxÞ
�jaLðxÞ, it is possible to recover the frequency-dependent

phase velocity vLðxÞ and attenuation aLðx) of the longitudinal

wave as

vLðxÞ ¼
2h

Dt12ðxÞ
; (5a)

FIG. 1. (Color online) Schematic representation of the proposed double through-transmission method combining two measurements. (a) The measurement

under normal incidence provides the front face reflection u1ðtÞ, the back face reflection u2ðtÞ, and the double through-transmitted signal u3ðtÞ, (b) the mea-

surement under oblique incidence provides the double through-transmitted signal u4ðtÞ for the specific case where only transverse waves are propagative.

The solid, in gray, is placed in immersion between a single transducer [that acts both as an emitter (E) and receiver (R)] and the hard wall, which depicts the

perfect reflector.
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aLðxÞ ¼
1

2h
ln

���� TnðxÞA1ðxÞ
A2ðxÞ

����
 !

; (5b)

where Dt12ðxÞ ¼ ðu1ðxÞ � u2ðxÞÞ=x is the frequency-

dependent time-of-flight difference between u1ðtÞ and u2ðtÞ,
and ln ð�Þ denotes the natural logarithm of the quantity. In

the same way, combining Eqs. (2c) and (2d), along with

the previously derived expressions for vLðxÞ and aLðxÞ,
further allow retrieving the frequency-dependent phase

velocity vTðxÞ and attenuation aTðxÞ of the transverse wave as

vTðxÞ ¼
1

cos hT

�
1

vLðxÞ
þ 1

cw

cos ðhT � hIÞ
cos hT

� 1

� �

þDt34ðxÞ
2h

��1

; (6a)

aTðxÞ ¼ aLðxÞ cos hT

þ cos hT

2h
ln

���� T2ðhI;xÞ
T2

nðxÞ
A3ðxÞ
A4ðxÞ

����
 !

; (6b)

where Dt34ðxÞ ¼ ðu3ðxÞ � u4ðxÞÞ=x is the frequency-

dependent time-of-flight difference between u3ðtÞ and u4ðtÞ.
By making use of Eq. (1), it can be shown that Eq. (6a) can

be expressed independently of hT as1

vTðxÞ ¼
 

Dt34ðxÞ
2h

� �2

þ 2
cos hI � 1

cw

� Dt34ðxÞ
2h

þ 1

vLðxÞ
� 1

cw

� �

þ 1

vLðxÞ
Dt34ðxÞ

h
þ 1

v2
LðxÞ

!�1=2

: (7)

In practice, one therefore first must solve Eq. (7), so that the

angle hT can be subsequently obtained using Eq. (1). Finally,

introducing the latter into Eqs. (4) and (6b) sequentially

allows determining the total transmission coefficient TðhI;xÞ
and the attenuation of the transverse wave aTðxÞ. It should

also be noted that the phase velocity and attenuation measure-

ments extracted with this method do not require the knowl-

edge of RnðxÞ and RrefðxÞ, since both reflection coefficients

cancel out when solving the equations.

III. EXPERIMENTAL METHODS

A. Additively manufactured samples

Additive manufacturing of the photopolymer samples

was achieved using two different commercially available

3D printers. A first set of samples was obtained using the

Form3 3D printer (Formlabs, Sommerville, MA), which is

based on laser SLA. This printing technology consists of

projecting an ultraviolet (UV) beam to accurately polymer-

ize a liquid photosensitive resin contained in a transparent

tray and thus, to manufacture a solid sample point-by-point

and layer-by-layer, with a resolution down to 50 lm. Two

different resins have been employed in this study: white and

clear resins, whose commercial names are White

FLGPWH04 and Clear FLGPCL04, respectively. All sam-

ples have been subsequently washed in a stirring isopropa-

nol tank (Form Wash, Formlabs) to remove unpolymerized

resin. To improve the photopolymerization, an optional step

consisted of applying UV light under a controlled tempera-

ture environment (Form Cure, Formlabs) to cure the sam-

ples. Curing time and temperature were selected according

to the manufacturer’s recommendations (60 and 30 min at

60� C for the white and clear resins, respectively).

Altogether, four samples have been manufactured to investi-

gate the impact of the resin type and of the curing process

on the resulting ultrasound properties: uncured white (UW),

cured white (CW), uncured clear (UC), and cured clear

(CC). A second set of samples was obtained using the multi-

material Objet 260 3D printer (Stratasys, Los Angeles, CA),

which is based on polyjet technology. The latter consists of

applying a layer-by-layer method where multiple streams of

UV-curable photopolymers are jetted through printing nozzles

onto a building tray (Zorzetto et al., 2020). Two different pho-

topolymers have been used here: a rigid glassy polymer [com-

mercial name VeroWhitePlus (VWþ)] and an elastomeric

polymer [commercial name TangoBlackPlus (TBþ)]. Unlike

SLA, such a multi-material inkjet-based process allows blend-

ing highly dissimilar photopolymers at the microscale (voxel

with side length of around 40 lm) to subsequently obtain

macroscopically homogeneous samples with any intermediate

volume fraction, Vf. In this study, four different volume frac-

tions of TBþ have been tested, i.e., 0%, 5%, 10%, and 18%.

All samples were 3D-printed as homogeneous plate-like

samples. Their dimensions were set to 70� 35� h mm3

along the x, y, and z directions. The dimensions in the xy-

plane were chosen so that they cover the entire emission

surface of the transducer, even for angles of incidence larger

than the critical angle hcr
I (recall Fig. 1). The thickness h of

each sample was chosen based on two criteria. First, the

sample had to be thick enough to ensure a temporal separa-

tion of the measured echoes u1ðtÞ and u2ðtÞ. Second, it had

to be thin enough to ensure a sufficient double through-

transmission across the sample [i.e., u3ðtÞ and u4ðtÞ], and

thus to avoid a too low SNR due to attenuation, especially

for transverse waves [i.e., u4ðtÞ]. Thereby, the nominal value

for the samples’ thickness ranged from about 3.8–4.6 mm

depending upon the manufacturing process and the volume

fraction of TBþ. To account for the statistical dispersion,

the dimensions and mass of the samples were measured

eight times each using a digital caliper (60.01 mm) and a

precision balance (61 mg), respectively.

B. Ultrasound measurements

All measurements were performed using a multielement

probe (Imasonic SAS, Voray sur l’Ognon, France) driven by

programmable multi-channel electronics (Advanced OEM

Solutions, WestChester, USA). This type of device, initially
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devoted to medical imaging, has recently also been used to

characterize the ultrasound properties of photopolymer

materials (Aghaei et al., 2022). Measurements were per-

formed using a linear transducer array consisting of 32 ele-

ments. Each element had a width and a height of 0.5 and

12 mm, respectively, yielding a total transmission surface of

16� 12 mm2. The transducer operated at a central frequency

fc ¼ 2:25 MHz (–18 dB frequency bandwidth from

1.15–3.15 MHz) and the pitch of the array was 0.5 mm.

Measurements were carried out in immersion using a plane

wave imaging mode, by simultaneously emitting a pulse on

all elements. It should be noted that the wavelength in

water (i.e., kw ¼ cw=fc � 0:67 mm at the central frequency)

was small compared to the lateral dimension of the trans-

ducer, which implies a high directivity factor and a weak

geometric attenuation that further support the assumption

of negligible diffraction. The signals were recorded during

200 ls (from 150–350 ls after the pulse emission), digi-

tized with a sample frequency fs ¼ 100 MHz and quantized

with a 12 bit resolution. The temperature during the mea-

surements was 20� C (measured using a Zacro LCD digital

thermometer, with a resolution of 60.1� C), so that the

water celerity could be estimated using Marczak’s polyno-

mial model (Marczak, 1997). Each sample was measured

under normal and oblique incidences by rotating the sam-

ple using a motorized rotation stage (61�). In oblique inci-

dence, the angle of incidence was set to hI ¼ 50� as it

ensured that hI > hcr
I for all samples and allowed maximiz-

ing the total transverse transmission coefficient [recall Eq.

(4)]. Optimal azimuthal alignment was obtained under nor-

mal incidence by minimizing the time-of-flight difference

between the front face reflected signals received on the

leftmost and rightmost elements of the array. Optimal ver-

tical alignment was achieved by maximizing the SNR of

the reflected signals. Each measurement was repeated eight

times to account for the statistical dispersion of the

frequency-dependent time-of-flight durations [i.e., Dt12ðxÞ
and Dt34ðxÞ] and amplitude ratios [i.e., A1ðxÞ=A2ðxÞ and

A3ðxÞ=A4ðxÞ]. Between each measurement repetition, the

sample has been turned over and around, and the alignment

was repeated to account for possible geometrical imperfec-

tions of the sample.

C. Signal processing

To extract ultrasound characteristics, i.e., the phase

velocities, vLðxÞ and vTðxÞ, and attenuations, aLðxÞ and

aTðxÞ, from the measurements, a dedicated signal process-

ing approach has been developed. First, to cancel out any

spurious signals and improve the SNR, the signals recorded

on the 32 elements of the transducer were averaged. To

serve as an example, the resulting averaged displacement

components uiðtÞ, with i ¼ 1;…; 4, are depicted in Fig. 2 for

one measurement performed on the CC sample.

Note that the reflected signal u2ðtÞ is upside-down with

respect to the other signals due to the negative reflection

coefficient at the sample-water interface and its sign should

therefore be inverted before applying further processing.

Second, the central time ti of each signal uiðtÞ was calcu-

lated based on the maximum of the signal envelop, i.e., the

time for which the modulus of the Hilbert transform is maxi-

mal. To isolate the echoes of interest, a tapered cosine win-

dow (i.e., a Tukey window with a tapered fraction of 50%),

centered on ti and of time length t2 � t1 was applied to each

signal uiðtÞ. Third, a fast Fourier transform was then applied

to each signal uiðtÞ over the total acquisition time length,

thereby including zero padding as a typical way to improve

the spectrum resolution. Fourth, to reduce the 2p-ambiguity

due to the phase unwrapping, the absolute phase was calcu-

lated as in Niemi et al. (2005) and He and Zheng (2001). In

this way, each signal uiðtÞ was circularly shifted to the

beginning of the window, so that the total phase spectrum

can be written as

uiðxÞ ¼ xti þ /iðxÞ; (8)

where xti is the linear part of the phase related to the tempo-

ral shift and /iðxÞ is the phase spectrum of the shifted sig-

nal, which naturally lies between �p and p. The resulting

amplitude and shifted phase spectra of each of the four sig-

nals uiðtÞ are depicted in Fig. 3 for the CC sample.

Fifth, the frequency-dependent time-of-flight durations

Dt12ðxÞ and Dt34ðxÞ, along with the amplitude ratios

A1ðxÞ=A2ðxÞ and A3ðxÞ=A4ðxÞ, can then be easily calcu-

lated and introduced into Eqs. (5a), (5b), (6b), and (7) to

recover the frequency-dependent phase velocity and

FIG. 2. Overview of the recorded signals for the CC sample, where the four echoes correspond to those depicted in Fig. 1. (a) Front face reflection u1ðtÞ and

back face reflection u2ðtÞ measured in normal incidence, (b) double through-transmitted signal u3ðtÞ measured in normal incidence, and (c) double through-

transmitted signal u4ðtÞ measured in oblique incidence at hI ¼ 50�.
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attenuation of both the longitudinal and transverse waves

(see Fig. 4). As can be observed, the phase velocities

slightly increase with frequency, while the attenuations

exhibit a quasi-linear frequency dependence over the useful

frequency bandwidth. Note that similar trends were already

consistently evidenced in Bakaric et al. (2021) and Aghaei

et al. (2022) for photopolymers, but these studies were lim-

ited to longitudinal waves only.

D. Measurement uncertainty

The measurement uncertainty was evaluated following

the recommendations of the guide to the expression of

uncertainty in measurement (BIPM, IEC, IFCC, ILAC, ISO,

IUPAC, IUPAP, and OIML, 2008). As the frequency-

dependent times of flight durations [Dt12ðxÞ and Dt34ðxÞ]

and amplitude ratios [A1ðxÞ=A2ðxÞ and A3ðxÞ=A4ðxÞ],
together with the sample dimensions and mass, resulted

from independent observations, their respective standard

uncertainties were assessed using type A evaluation of stan-

dard uncertainty. Conversely, as the incidence angle hI and

the water sound celerity cw depended on the rotating stage

and digital thermometer resolutions, their standard uncer-

tainties were assessed using type B evaluation of standard

uncertainty. The standard uncertainty on each input quantity

was modeled as a Gaussian probability distribution. The

combined standard uncertainty on the ultrasound character-

istics, i.e., phase velocities and attenuations, was then evalu-

ated by means of Monte Carlo’s method for computing the

law of propagation of uncertainty for uncorrelated input

quantities (Papadopoulos and Yeung, 2001), using 10 000

random values for each input distribution and for each dis-

crete frequency. Finally, all uncertainties reported in the fol-

lowing correspond to expanded uncertainties, given with a

95% confidence level (i.e., obtained by multiplying the com-

bined standard uncertainty with a coverage factor k ¼ 1.96).

Note that the water density qw was set equal to 998 kg/m3

and not accounted for in the expression of uncertainty.

IV. MECHANICAL MODELING

A. Szabo wave equation

The complex viscoelastic behavior of some materials

(e.g., photopolymers, biological tissues) exhibits dispersive

losses that cannot be accurately captured by the classical

rheological Voigt model, which relies on an acoustic attenu-

ation proportional to x2. The heterogeneous nature of such

materials indeed suggests that their viscous behavior

involves more complex phenomena, such as multiple relaxa-

tion times for which individual relaxation processes cannot

be easily identified (N€asholm and Holm, 2011). Therefore,

several approximated phenomenological models have been

proposed to describe wave dispersion and attenuation in

such media (Holm et al., 2013). Among these models, an

appealing approach consists of describing the frequency-

dependent attenuation with a power law as

aMðxÞ ¼ a1MxyM ; (9)

where the subscript M stands either for longitudinal (L) or

transverse (T) waves. The constant attenuation a1M can be

expressed in dB/m/(rad.MHz)yM with yM being a dimension-

less exponent, which usually lies within the range 0–2. In

particular, the ad hoc model proposed by Szabo and Wu

(2000) allows recovering such power law expression for the

attenuation by introducing a fractional time derivative into

the one-dimensional wave equation as

@2uMðz;tÞ
@z2

� 2a1M

v0McosðyMp=2Þ
@yMþ1uMðz;tÞ

@tyMþ1
¼ 1

v2
0M

@2uMðz;tÞ
@t2

;

(10)

where v0M states for the bulk wave velocity of either longi-

tudinal (M ¼ L) or transverse (M ¼ T) waves. In addition,

FIG. 3. (a) Amplitude and (b) shifted phase spectra corresponding to the

four time-domain signals depicted in Fig. 2 for the CC sample.

FIG. 4. Ultrasound characteristics for the CC sample obtained after apply-

ing the dedicated signal processing steps. (a) Longitudinal phase velocity

vLðxÞ and attenuation aLðxÞ, (b) transverse phase velocity vTðxÞ and atten-

uation aTðxÞ. The gray area represents the –18 dB frequency bandwidth of

the transducer.
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because Szabo’s model is causal–in the sense that it satis-

fies Kramer–Kronig relationships (O’Donnell et al.,
1981)–it also predicts that the frequency variations of the

phase velocity are not independent from the attenuation.

Therefore, considering plane wave propagation, i.e.,

uMðtÞ ¼ A expðjðxt� kMzÞÞ, allows deriving the dispersion

relation from Eq. (10) as

kMðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

v2
0M

� ðjxÞyMþ1 2a1M

v0M cosðyMp=2Þ

s
: (11)

According to Kelly et al. (2008), assuming that

a1M=cosðyMp=2Þ � 1 allows simplifying this expression to

kMðxÞ ¼
x

v0M
� j

a1MðjxÞyM

cosðyMp=2Þ : (12)

By invoking the de Moivre’s identity for p=2, i.e.,

jyM ¼ cosðyMp=2Þ þ j sinðyMp=2Þ, the real part of Eq. (12)

allows identifying the phase velocity vMðxÞ as

vMðxÞ ¼
x

<ðkMðxÞÞ

¼ 1

v0M
þ a1M tanðyMp=2ÞxyM�1

� ��1

; (13)

whereas its imaginary part, i.e., �=ðkMðxÞÞ, allows retrieving

the power law attenuation given by Eq. (9). It should be noted

FIG. 5. (Color online) Measured ultrasound characteristics (continuous black lines): (a) longitudinal phase velocity vLðxÞ, (b) transverse phase velocity vTðxÞ, (c) lon-

gitudinal attenuation aLðxÞ, and (d) transverse attenuation aTðxÞ for the uncured (UW) and cured (CW) samples printed with the white resin. In the same way, panels

(e) to (h) display the results for the uncured (UC) and cured (CC) samples printed with the clear resin. Likewise, panels (i) to (l) display the results for the multi-

material samples with varying Vf of TBþ. The dashed red lines correspond to the model outcomes calculated using the optimal model parameter ĥM . The dark gray

areas display the expanded uncertainties on the results, while the light gray area shows the useful frequency bandwidth on which the inversion process was performed.
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that this model exhibits a mathematical singularity for yM ¼ 1.

For such a case, modified expressions for the phase velocity

and attenuation can be found in Szabo and Wu (2000).

Overall, this phenomenological model is valid for an inter-

mediate frequency range only. In particular, if the main

cause of attenuation is suspected to be related to relaxation

phenomena, one would expect the attenuation to be propor-

tional to x2 in the low frequency regime and to tend towards

an asymptotic value in the high frequency regime (Nachman

et al., 1990). To account for this, Szabo and Wu (2000) pro-

posed to incorporate an additional model parameter a0M

¼ aMð0Þ 6¼ 0 into Eq. (9) to correct for the eventual attenua-

tion offset at the frequency x ¼ 0. Doing so, the phase

velocity expression [Eq. (13)] remains identical, while the

power law attenuation now becomes

aMðxÞ ¼ a0M þ a1MxyM : (14)

More conveniently, vMðxÞ and aMðxÞ can also be

expressed as a function of a reference frequency xc, where

one can deliberately choose xc ¼ 2pfc (Bakaric et al.,
2021), so that

vMðxÞ ¼
 

1

vcM
þ ðacM � a0MÞ tan ðyMp=2Þ

� x
xc

� �yM

x�1 � x�1
c

 !!�1

; (15a)

aMðxÞ ¼ a0M þ acM � a0Mð Þ
x
xc

� �yM

; (15b)

where vcM ¼ vMðxcÞ and acM ¼ aMðxcÞ. Although strictly

equivalent mathematically, in practice, relations (15a) and

(15b) are more convenient than Eqs. (13) and (14) to subse-

quently compare different materials. Indeed, for the latter, a

small variation of yM could lead to a large variation of a1M,

thereby potentially leading to a misidentification of the

model parameters.

B. Identification of the model parameters

To extract quantitative information from the measured

ultrasound characteristics that may allow for a reliable com-

parison of the viscoelastic behavior of the investigated sam-

ples, we propose an optimization procedure to identify, for

each wave polarization M, the four model parameters hM

¼ ½vcM; acM; yM; a0M� that minimize the following objective

function FðhMÞ in a least squares sense as in Aghaei et al.
(2022):

FðhMÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

n¼1

���� kMðxnÞ � kMðxn; hMÞ
kMðxnÞ

����
2

vuut ; (16)

where kMðxnÞ ¼ xn=vMðxnÞ � jaMðxnÞ and kMðxn; hMÞ are

the measured and modeled complex wave numbers at the nth

discrete frequency, respectively, while N is the total number

of discrete frequencies of the useful bandwidth on which the

optimization is performed (recall the gray area in Fig. 4). The

minimization was performed using the unconstrained Simplex

algorithm (Nelder and Mead, 1965), which was implemented

in Python 3.8 (Python Software Foundation, Beaverton, OR).

Formally, the optimal model parameters result from

ĥM ¼ arg min
hM

FðhMÞð Þ; (17)

where the uniqueness of the solution was ensured by verify-

ing the algorithm’s convergence towards ĥM for different

initial guesses hM.

V. RESULTS

The matching between the measured ultrasound charac-

teristics and the corresponding model outcomes calculated

using the optimal model parameter ĥM is depicted in Fig. 5

for the 3D-printed samples manufactured using SLA [panels

(a)–(d) and (e)–(h) for the white and clear resin, respec-

tively] and multi-material polyjet [panels (i)–(l)]. As can be

observed, for all the investigated samples, the measured

phase velocity of the transverse waves vTðxÞ is, as expected,

systematically more than twice lower than that of the longi-

tudinal waves vLðxÞ over the useful frequency bandwidth

(light gray area in Fig. 5). Likewise, the attenuation of

the transverse waves aTðxÞ is almost four times higher

than that of the longitudinal waves aLðxÞ. In addition, the

relative expanded uncertainties (dark gray area) show that

the proposed measurement method is very accurate, being

able to discriminate very small variations of the phase

velocity vMðxÞ (less than 1% for both polarizations M) and

of the attenuation aMðxÞ (less than 5% for both polariza-

tions M) within the 95% limits of agreement.

Moreover, the modeled frequency-dependent ultrasound

characteristics (dashed red lines) resulting from the identifi-

cation inverse problem are in very good agreement with the

experimental ones (continuous black lines). Indeed, the

pseudo-R2, calculated as recommended by Kvålseth (1985)

for a nonlinear regression analysis, are systematically

higher than 0.99 for both the phase velocity vMðxÞ and

attenuation aMðxÞ over the useful frequency bandwidth (no

matter the polarization M and the manufacturing process),

except for the longitudinal phase velocity vLðxÞ of the

uncured samples [R2 ¼ 0:92 and R2 ¼ 0:94 for the UW and

UC samples depicted in panels (a) and (e), respectively].

To get a deeper insight into the inter- and intra-

manufacturing process variability, Fig. 6 provides a compar-

ison between the measured ultrasound characteristics (at the

central frequency xc) and the corresponding optimal model

parameters ĥM for all the investigated samples. First, with

regard to the inverse problem solutions, the retrieved values

for the optimal model parameters v̂cM and âcM (red bins in

Fig. 6) are in excellent agreement with the ultrasound char-

acteristics measured at the central frequency xc, i.e., vMðxcÞ
and aMðxcÞ (dark gray bins), as they always fall within

the 95% limits of agreement, as defined by the expanded

1908 J. Acoust. Soc. Am. 152 (3), September 2022 Gattin et al.

https://doi.org/10.1121/10.0014180

https://doi.org/10.1121/10.0014180


uncertainties (error bars). As can be observed, the phase

velocities vMðxcÞ and attenuation aMðxcÞ of the samples

manufactured with polyjet are respectively lower and higher

than those of the samples manufactured with SLA. The reader

is referred to Table I (given in Appendix A), which reports the

detailed values of the measured ultrasound characteristics and

of the optimal model parameters ĥM recovered using Szabo’s

model.

Second, it is noteworthy that all 3D-printed samples

manufactured using SLA (UW, CW, UC, and CC) exhibit

very close ultrasound properties for the longitudinal waves,

as the phase velocities v̂cL and attenuations âcL fall within

the range of 50 m/s and 0.1 dB/cm only, respectively, which

represent less than a 2% relative variation with respect to

the mean value. In contrast, for the transverse waves, the

phase velocity v̂cT shows a relative increase higher than 3%

between the softest (UW) and stiffest (CC) sample, and like-

wise the attenuation âcT shows a relative decrease of about

25%. Moreover, the curing process induces a slight increase

in the longitudinal phase velocity v̂cL (1% and 0.5% for the

white and clear resin, respectively), and this becomes more

important for the transverse phase velocity v̂cT (2.3% and 2%

for the white and clear resin, respectively). Although there

are no significant differences for the longitudinal attenuation

âcL, the curing has a significant impact on the transverse

attenuation âcT (a reduction of about 20% for both resins).

Although its underlying physical interpretation is beyond the

scope of this paper, it should be noted that the curing process

also has an impact on the frequency-dependence of the attenu-

ation aMðxÞ, as it is systematically correlated with a drop of

the two remaining model parameters, i.e., ŷM and â0M, no

matter the wave polarization.

Third, for the four 3D-printed samples manufactured

using multi-material polyjet (0%, 5%, 10%, and 18%), for

both wave polarizations M, the phase velocity v̂cM consis-

tently decreases, and likewise, the attenuation âcM increases,

as a function of increasing volume fraction Vf of TBþ.

These trends are even more pronounced for the transverse

waves’ characteristics, and especially for the transverse

attenuation âcT (relative increase of about 30%). As can be

observed, there is no significant trend between the volume

fraction Vf and the model parameters ŷM and â0M for these

samples. Nevertheless, the frequency-dependence of the

attenuation aMðxÞ, driven by the exponent yM, significantly

changes with the polarization M. It is quasi-linear for the

longitudinal waves and approximately proportional to x0:7

for the transverse waves.

FIG. 6. (Color online) Comparison between the measured ultrasound char-

acteristics (at the central frequency xc) across all samples (gray bars),

together with their corresponding optimal model parameters (red bars): (a)

longitudinal phase velocities, vLðxcÞ and v̂cL, (b) transverse phase veloci-

ties, vTðxcÞ and v̂cT , (c) longitudinal attenuations, aLðxcÞ and âcL, and (d)

transverse attenuations, aTðxcÞ and âcT . The error bars displayed for the

measured characteristics correspond to the expanded uncertainties.

TABLE I. Comparison between the measured phase velocities and attenuations at the central frequency xc, i.e., vM(xc) and aM(xc), and the optimal model

parameters ĥM identified using Szabo’s model. The uncertainties on the measured ultrasound characteristics correspond to the extended standard uncertain-

ties (expressed with a 95% confidence level).

Mass density q (kg/m3) M

Measurements at xc Model parameters ĥM

vM(xc) (m/s) aM(xc) (dB/cm) v̂cM (m/s) âcM (dB/cm) ŷM (–) â0M (dB/cm)

UW 1168.9 6 1.5 L 2592.0 6 5.9 7.67 6 0.07 2591.6 7.58 1.559 2.72

T 1208.2 6 6.0 35.53 6 0.78 1208.1 36.12 1.344 8.53

CW 1171.7 6 2.7 L 2616.7 6 7.3 7.48 6 0.05 2616.4 7.50 1.101 1.32

T 1235.6 6 4.7 27.84 6 0.31 1235.7 27.82 1.014 1.60

UC 1168.1 6 3.6 L 2627.0 6 7.1 7.43 6 0.15 2626.0 7.50 1.140 1.87

T 1224.2 6 4.9 33.44 6 1.16 1224.2 33.41 1.044 2.47

CC 1166.8 6 3.4 L 2638.4 6 7.3 7.51 6 0.12 2638.1 7.59 0.931 1.04

T 1248.2 6 3.6 26.45 6 0.27 1248.4 26.56 0.977 1.77

0% 1182.8 6 1.8 L 2464.0 6 9.4 8.22 6 0.32 2464.4 8.22 1.098 0.94

T 1112.9 6 4.5 37.92 6 0.45 1113.2 38.18 0.712 �7.84

5% 1174.5 6 2.0 L 2453.5 6 4.8 8.70 6 0.16 2453.5 8.75 1.151 1.43

T 1103.8 6 3.1 39.68 6 0.31 1104.2 40.04 0.735 �7.03

10% 1174.3 6 1.7 L 2439.6 6 5.0 8.90 6 0.10 2439.7 9.02 1.040 0.70

T 1096.9 6 3.2 41.33 6 0.39 1097.5 41.70 0.733 �7.50

18% 1169.2 6 1.8 L 2397.7 6 6.6 9.69 6 0.22 2397.1 9.79 1.062 1.12

T 1066.2 6 3.7 48.82 6 0.59 1066.7 49.01 0.718 �9.16
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VI. DISCUSSION

In this study, we proposed a double through-transmission

method in oblique incidence for the nondestructive characteri-

zation of additively manufactured samples by ultrasound. The

samples were fabricated using two different 3D-printing tech-

nologies, with the aim of identifying variations of the

manufacturing process on their acoustic behavior (i.e., disper-

sion and attenuation). The set of samples printed with SLA

was used to assess the impact of the curing process on two dif-

ferent resin types, while the set of samples printed using

multi-material polyjet was used to assess the impact of the rel-

ative proportions of two photopolymers. All samples were first

experimentally characterized to extract the frequency-

dependent ultrasound characteristics, i.e., phase velocity and

attenuation, of both longitudinal and transverse waves in the

MHz regime. Second, a model-based inverse procedure has

been proposed to quantitatively assess and compare the exper-

imental evidence (dispersion, attenuation, etc.) observed on

the different samples, as it allowed identifying a reduced num-

ber of intrinsic model parameters (i.e., four for each wave

polarization).

The main findings were as follows: First, the proposed

measurement method allowed us not only to recover longi-

tudinal ultrasound characteristics, but also the transverse

phase velocity and attenuation, as well as their frequency

dependence. A detailed analysis of the experimental uncer-

tainties showed that this method was able to accurately cap-

ture very small relative variations of these characteristics

across the samples (less than 1% and 5% for the phase

velocities and attenuation, respectively). Altogether, the

ultrasound characteristics, and especially the ones related to

the transverse waves, were shown to be very sensitive to the

samples stiffening induced either by the curing process (for

SLA) or by the decreasing relative proportion of TBþ (for

multi-material polyjet). Second, the experimentally assessed

frequency-dependent attenuation evidenced that the visco-

elastic behavior of this class of photopolymers cannot be

described by a simple rheological Voigt model.

Nevertheless, this behavior could be adequately captured

using a phenomenological model, which relies on the Szabo

wave equation. This model allowed predicting that the

observed dispersion can be explained by the measured atten-

uation. The identified intrinsic model parameters were in

excellent agreement with the measurements, thereby demon-

strating that such acoustic behavior can be predicted with a

reduced number of parameters only.

A direct quantitative comparison with earlier reported

longitudinal bulk properties (i.e., phase velocity and attenua-

tion) is difficult, since the applied measurement technique,

in particular the explored frequency regime, along with the

investigated AM materials, often differ from one study to

another. For instance, Jacquet et al. (2018) reported values

of 2581.0 6 33.3 m/s and 97.5 6 20.1 dB/cm for the phase

velocity and attenuation of VWþ evaluated at 20 MHz. In

another related study, Bakaric et al. (2021) reported values

of 2591 m/s and 6.02 dB/cm for the phase velocity and

attenuation of CC evaluated at 2 MHz, and likewise, values

of 2495 m/s and 8.24 dB/cm for the phase velocity and

attenuation of VWþ. In a previous study by our group

(Aghaei et al., 2022), which was related to samples with

intermediate volume fractions (i.e., mixtures of VWþ and

TBþ) assessed in normal incidence only, we reported values

of 2452 m/s and 8.01 dB/cm for the phase velocity and

attenuation of VWþ evaluated at 2.25 MHz, and likewise,

values of 2439 m/s and 9.33 dB/cm for the phase velocity

and attenuation of a sample with a volume fraction equal to

10% of TBþ. Extrapolating our estimates ĥL to these fre-

quencies yield (1) values of 2450.9, 2464.4, and 2521.1 m/s

(7.82, 8.22, 81.1 dB/cm) for the phase velocity (attenuation)

of VWþ at 2, 2.25, and 20 MHz, respectively; (2) values of

2635.1 m/s and 6.91 dB/cm for the phase velocity and atten-

uation of CC at 2 MHz; and (3) values of 2439.7 m/s and

9.02 dB/cm for the phase velocity and attenuation of the

sample with a volume fraction equal to 10% of TBþ at

2.25 MHz. These longitudinal bulk properties are all in

excellent agreement with the reported literature values, thus

indicating that our modeling assumptions are reasonable for

a wide frequency band.

In contrast, to the best of our knowledge, there is only

one study (Livings et al., 2015), which attempted to measure

both longitudinal and transverse waves propagating in an

AM material (VWþ, polyjet technology) similar to ours.

However, although the reported anisotropic values for the

longitudinal phase velocities evaluated at 1 MHz (from

2460.6–2526.8 m/s) were in close agreement to ours

(2442.3 m/s, after extrapolation to the same frequency), the

values for the transverse phase velocities were surprisingly

higher (from 1507.3–1781.7 m/s compared to 1088.6 m/s)

and varied by more than 50% over the explored frequency

bandwidth (0:5–1:6 MHz). Moreover, these values even

exceeded the longitudinal phase velocities at lower frequen-

cies (<0.7 MHz), which may be due to the inherent 2p-

ambiguity in the phase unwrapping. The knowledge of the

longitudinal and transverse phase velocities also allows

determining the absolute value of the Poisson’s ratio �,

which for all eight AM materials investigated here, ranges

from 0.355–0.376. Knowing furthermore their mass density

(see Table I in Appendix A) also allows us to determine

their Young’s modulus E, which ranges from 3.66

–4.94 GPa. Although not directly comparable, the reported

engineering moduli are in good agreement with values

obtained by ultrasound guided waves for 3D-printed sam-

ples manufactured using the fused deposition modeling

method (J€ager et al., 2017). It should be noted, however,

that the derived values for the Young’s modulus at 2.25 MHz

are more than twice higher than those reported by the manu-

facturer (1.6 and 2.8 GPa for both white and clear resins,

before and after curing, respectively, and 2.5 GPa for VWþ),

thus suggesting that the dynamic mechanical behavior of pho-

topolymer materials in the MHz regime is significantly differ-

ent from its quasi-static mechanical behavior.

Despite these promising results, our study suffers from

some limitations. First, the samples fabricated using the
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multi-material polyjet 3D printing technology were limited

to a relatively low volume fraction of the elastomeric photo-

polymer (i.e., 18% of TBþ). According to our results, accu-

rate transverse wave measurements performed using the

double through-transmission method in oblique incidence

should still be achievable for a volume fraction around 50%

of TBþ, but this would require fine-tuning the sample

dimensions and the angle of incidence [see Fig. 1(b)].

Above such a volume fraction, mode conversion would be

hardly manageable according to Snell’s law [recall Eq. (1)].

Nevertheless, complementary measurements using a contact

pulse-echo method with a shear transducer could allow cir-

cumventing this issue (Zhang et al., 2019). Second, given

that the ratio between the wavelength and the printing reso-

lution (a few tenths of micrometers for both technologies)

was large, all samples were assumed to be isotropic.

Although the proposed method has proven feasible to deter-

mine phase velocities in anisotropic materials (Chu and

Rokhlin, 1994), it would have to be adapted for measuring

the transverse attenuation, by accounting for the correct

expression of the transmission coefficient in oblique inci-

dence, which depends upon the symmetry class of the mate-

rial. Third, dispersive losses were modeled here by

introducing a fractional time derivative into the wave equa-

tion. Although this phenomenological approach allowed

modeling the experimentally observed dispersion and atten-

uation for both wave polarizations, it prevents a proper iden-

tification of the underlying constitutive relation for such

photopolymer materials. Towards this goal, future modeling

efforts are warranted, including, for instance, the incorpora-

tion of a continuum of relaxation mechanisms (Holm et al.,
2013; Jazia et al., 2014), which would also require measur-

ing the viscoelastic properties over a larger frequency

bandwidth.

Altogether, given that 3D printing is experiencing a

wide dissemination in acoustics, the reported data will

prove valuable for the computational calibration and vali-

dation of models involving structures with non-uniform

properties in the MHz regime. As a next step, we will

incorporate more complex mechanisms into the 3D print-

ing process, by tailoring the spatial arrangement of the two

elementary constituents [e.g., multi-material periodic

media (Zhang et al., 2021)] to achieve specific acoustic

behaviors and to disentangle the relative contributions of

material and structural properties on the measured ultra-

sound characteristics.
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APPENDIX A: ULTRASOUND CHARACTERISTICS

Table I provides the detailed values of both the mea-

sured ultrasound characteristics (at the central frequency xc)

and the optimal model parameters ĥM recovered using

Szabo’s model. Altogether, the reported values could serve

as a basis for researchers involved in the computational cali-

bration and validation of viscoelastic models in the MHz

regime.

1See supplementary material at https://www.scitation.org/doi/suppl/

10.1121/10.0014180 for the detailed calculations that allow retrieving the

total transmission coefficient in oblique incidence, as well as for the dem-

onstration of the transverse phase velocity expression.
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J.-M., J�erôme, C., Grossman, Q., Mertens, A., Weinkamer, R., Rink, M.,

and Ruffoni, D. (2020). “Properties and role of interfaces in multimaterial

3D printed composites,” Sci. Rep. 10(1), 1–17.

1912 J. Acoust. Soc. Am. 152 (3), September 2022 Gattin et al.

https://doi.org/10.1121/10.0014180

https://doi.org/10.4028/www.scientific.net/AMM.821.364
https://doi.org/10.1016/j.ultras.2017.07.017
https://doi.org/10.2307/2683704
https://doi.org/10.1063/1.4914684
https://doi.org/10.1063/1.4914684
https://doi.org/10.1121/1.420332
https://doi.org/10.1103/PhysRevApplied.10.024012
https://doi.org/10.1002/adem.201901142
https://doi.org/10.1121/1.400317
https://doi.org/10.1121/10.0009281
https://doi.org/10.1121/10.0009281
https://doi.org/10.1121/1.3641457
https://doi.org/10.1093/comjnl/7.4.308
https://doi.org/10.1121/1.385566
https://doi.org/10.1121/1.385566
https://doi.org/10.1016/S0955-5986(01)00015-2
https://doi.org/10.1121/1.402847
https://doi.org/10.1121/1.428630
https://doi.org/10.1121/1.414880
https://doi.org/10.1080/17452759.2020.1740747
https://doi.org/10.1080/17452759.2020.1740747
https://doi.org/10.1088/1361-6501/ab2a5e
https://doi.org/10.1016/j.compstruct.2021.113693
https://doi.org/10.1038/s41598-020-79230-0
https://doi.org/10.1121/10.0014180

	s1
	l
	cor1
	s2
	d1
	d2a
	d2b
	d2c
	d2d
	d3
	d4
	d5a
	f1
	d5b
	d6
	d6a
	d6b
	d7
	s3
	s3A
	s3B
	s3C
	d8
	f2
	s3D
	s4
	s4A
	d9
	d10
	f3
	f4
	d11
	d12
	d13
	f5
	d14
	d15a
	d15b
	s4B
	d16
	d17
	s5
	f6
	t1
	s6
	app1
	fn1
	c1
	c2
	c3
	c16
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41

