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ARTICLE INFO ABSTRACT

Keywords: Multi-material additive manufacturing is receiving increasing attention in the field of acoustics, in particular
Bloch-Floquet analysis towards the design of micro-architectured periodic media used to achieve programmable ultrasonic responses.
Traf‘Sf?r matr}x formalism To unravel the effect of the material properties and spatial arrangement of the printed constituents, there is an
Periodic media unmet need in developing wave propagation models for prediction and optimization purposes. In this study, we
Viscoelasticity . . L. s . . .
Bandgaps propose to investigate the transmission of longitudinal ultrasound waves through 1D-periodic biphasic media,

whose constituent materials are viscoelastic. To this end, Bloch-Floquet analysis is applied in the frame of
viscoelasticity, with the aim of disentangling the relative contributions of viscoelasticity and periodicity on
ultrasound signatures, such as dispersion, attenuation, and bandgaps localization. The impact of the finite
size nature of these structures is then assessed by using a modeling approach based on the transfer matrix
formalism. Finally, the modeling outcomes, i.e., frequency-dependent phase velocity and attenuation, are
confronted with experiments conducted on 3D-printed samples, which exhibit a 1D periodicity at length-scales
of a few hundreds of micrometers. Altogether, the obtained results shed light on the modeling characteristics
to be considered when predicting the complex acoustic behavior of periodic media in the ultrasonic regime.

Multi-material additive manufacturing

1. Introduction characteristic length is of the same order of magnitude than the wave-
length of interest, ie., several hundreds of micrometers for the MHz

Additive manufacturing (AM), also referred to as 3D printing, has regime, which is still difficult to achieve with most current 3D printing
experienced a wide dissemination in the field of acoustics over the past technologies. Nevertheless, these length scales correspond to the size
few years, in particular towards the design of structures with com- of the microstructures involved in biological materials, which show
plex geometries and/or material distributions used to achieve specific well defined architectures and structural patterns at several hundreds
acoustic responses [1]. This concerns for instance the development of of micrometers [12,13]. Likewise, these length scales are also rele-
biomedical applications, such as the prototyping of tissue-mimicking vant for orthopedic applications, such as scaffolds intended for tissue

phantoms for ultrasound imaging system assessment [2,3] and the
conception of acoustic lenses to correct transcranial focused ultrasound
aberrations [4,5]. Likewise, 3D printing also has proven to be useful to
design periodic media, such as phononic crystals or metamaterials [6].

In this specific context, most experimental validations conducted so
far have focused on a rather low frequency regime (from about 10
to 100 kHz), with manifold applications ranging from underwater
acoustics to vibration mitigation and sound attenuation, as well as
elastic wave control [7-10]. In contrast, analogous experimental re-
alizations in the ultrasonic regime have scarcely been reported in
the literature [11], especially because of manufacturing constraints.
Indeed, Bragg interferences only appear for media whose periodic

engineering and bone repair purposes [14,15] or the so-called meta-
biomaterials [16], which overall motivate the investigation of wave
propagation across periodic media in the ultrasonic regime.

Before the recent democratization of AM, periodic media already
have been investigated in the MHz regime, either by using liquid-
filled drilled metallic plates [17] or by juxtaposing thin aluminum and
polyethylene plates to obtain periodic multilayers [18,19]. Later, some
3D printing developments also have been proven feasible to manufac-
ture more sophisticated periodic lattices with characteristic length com-
patible with the MHz regime, such as direct laser metal sintering [20],
robocasting for the fabrication of ceramic micro-rods [21], and high
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resolution stereolithography [22,23], which is dedicated to polymers.
While the latter techniques have been specifically used to design air- or
water-filled architectures only, some others, like inkjet-based AM, also
allow for the multi-material fabrication of structures, whose solid con-
stituent materials exhibit dissimilar properties. Notwithstanding, such
multiphasic periodic composite materials have been mainly studied
in the quasi-static regime so far [24-26], and the possibility to take
advantage of this technique to achieve ultrasonic phononic media still
remains to be explored.

In this study, we propose to investigate the transmission of lon-
gitudinal ultrasound waves propagating in normal incidence across
1D-periodic media made of two dissimilar photopolymers (i.e, a rigid
glassy polymer and a compliant rubbery polymer), which were ob-
tained using multi-material polyjet AM. The investigated configuration
was intentionally chosen to be as simple as possible, in order to
assess the feasibility of making use of such a 3D printing technology
to design multi-material periodic samples and achieve programmable
ultrasonic responses in a laboratory-controlled environment. Overall,
the proposed approach was motivated by two main objectives. As
previous works by our group showed that these photopolymer materials
display viscoelastic properties in the MHz regime [27,28], here we first
seek to disentangle the relative contributions of viscoelastic constituent
materials and Bragg scattering on the apparent ultrasonic behavior
of 1D-periodic media using Bloch-Floquet analysis. Second, since the
high ultrasonic attenuation associated with such materials fundamen-
tally limits the dimensions of the samples for practical applications,
a transfer matrix formalism is implemented to assess the validity of
the Bloch-Floquet analysis for 1D-periodic media that consists of a
finite number of unit cell repetitions. As a by-product, both modeling
approaches are subsequently used to infer the ultrasonic responses of
several 1D-periodic media with different unit cell sizes, which are in
turn confronted to ultrasound measurements performed on AM sam-
ples. Altogether, the reported results suggest that a modeling approach,
which accounts for the viscoelastic and finite size nature of the samples,
could be further used as a valuable guide towards the design of complex
periodic media with programmable acoustic responses.

2. Mechanical modeling
2.1. Bloch-Floquet analysis in the frame of viscoelasticity

Let us consider an infinite biphasic medium that consists of a
periodically replicated unit cell of thickness d. As depicted in Fig. 1,
the unit cell itself is made of two constituent material layers m, each
one with given thickness d,,, mass density p,,, and wave number k,,(w),
where m € {A, B} and w is the angular frequency.
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Fig. 1. Schematic representation of the 1D unit cell used in the Bloch-Floquet analysis,
which is made of two constituent material layers m, with given thickness d,,, mass
density p,,, and wave number k,,(w), where m € {A, B}.

m>

In the case of a 1D harmonic plane wave propagating in such an
infinite medium along the y-direction (i.e., perpendicular to the layers),
the displacement field can be written as u(y,w) = (4 exp(—jk(w)y) +
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B exp(jk(w)y)) exp(jwt), with j being the unit imaginary number and
k(w) being the Bloch wave number. By applying Bloch periodic bound-
ary conditions (BCs), ie., u(y + d,w) = exp(—jk(w)d)u(y,®), it can
be shown that the Bloch wave number k(w) satisfies the dispersion
relation [29,30]:

cos(k(w)d) = cos(k 4(w)d 4) cos(k g(w)d g)
1 (ZA(w) + Zg(w)

T2\ Zz@ " Z, ()

) sin(k 4(w)d 4) sin(k g(w)d ) , (@9)]

where Z,, = p,,w/k,, () is the complex acoustic impedance of each con-
stituent material m. Two specific cases are considered in the following:
(1) A pure elastic case, where the wave numbers of the constituent ma-
terials k,,(w) are considered as purely real, with constant phase velocity,
and (2) a viscoelastic case, where the wave numbers k,,(w) are complex
and can thus be written as k,,(0) = w/v,(®) — ja,(®), with v, (®)
and «,,(w) being the phase velocity and attenuation, respectively.

Without loss of generality, for the latter case we assume that the vis-
coelastic behavior of the constituent materials m can be modeled using
an attenuation «,,(w) that is governed by a frequency power-law [31].
This choice is motivated by the experimental evidence that many lossy
materials, among which photopolymers, satisfy this assumption in the
ultrasonic regime [28]. Hence,

Ym
am(w) = Qo + (acm - aOm) <wﬂ> ) (2)

c

where w = 2z f is the angular frequency and y,, is a dimensionless
exponent, which usually ranges from 0 to 2. Note that the original
expression introduced by Szabo and Wu [32] has here been normalized
with respect to an arbitrary angular frequency o, = 2z f,, so that the
model parameters a, and «,, respectively denote the attenuations
at the angular frequency @ = 0 and w = o, [28]. Causality via
Kramers-Kronig relation implies that the frequency dependence of the
phase velocity v,,(w) and of the attenuation «,(w) are not indepen-
dent [33]. Therefore, according to Eq. (2), it can be shown that the
frequency-dependent phase velocity v,,(w) must take the form [32]

Ym -1
V(@) = <UL+(acm_a0m)tan(ym”/2)<<w2> o _wc_l>> (3

cm c
where v,, is the phase velocity at the angular frequency w,. It is
noteworthy that this model exhibits a mathematical singularity for
ym = 1. For such a case, modified expressions for the phase velocity
and attenuation can be found in Szabo and Wu [32].

Under these considerations, the phase velocity v,,(w) and attenua-
tion a,,(w) used as input data to feed Eq. (1) for the viscoelastic case are
given in Fig. 2 (continuous red lines) for two constituent materials m,
whose mechanical properties were chosen according to Aghaei et al.
[27], in order to mimic those of a rigid glassy polymer (m = A) and
an elastomeric polymer (m = B). Likewise, their respective elastic
counterparts (ie., v, (w) = v, and a,(w) = 0) used as input data to
feed Eq. (1) for the elastic case are given for comparison in Fig. 2
(dotted black lines).

For the infinite 1D-periodic medium made of these two constituent
materials m, the resulting complex dispersion relation (recall Eq. (1)) is
depicted in Fig. 3 for both the pure elastic and viscoelastic cases. One
should first keep in mind that the solution is shown in the first Brillouin
zone only. Indeed, the full solution of Eq. (1) for the product k(w)d is
2z-periodic and symmetric from r to 2z in the real plane. Moreover,
in the imaginary plane, the solution is symmetric with respect to 0.
As can be observed, in the case of purely elastic constituent materials
(dotted black lines), one can identify two different frequency regimes:
A propagative regime, where the Bloch wave number k(w) evolves
in the purely real plane, and an evanescent regime, where the Bloch
wave number k(w) evolves in the purely imaginary plane only, which
results in strongly attenuated frequency bands called bandgaps (light
gray areas around 1.5 and 3 MHz). In addition, a remarkable property
of elastic periodic media is the presence of zero group velocity (ZGV)
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Fig. 2. Ultrasound characteristics of the two constituent materials m, with m € {A, B}, for the purely elastic (dotted black lines) and viscoelastic (continuous red lines) cases:
(a) Phase velocity v,,(w) and (b) Attenuation a,,(w). These were calculated using the following model parameters: v, = 2500 m/s, a., = 5 dB/cm, ay, = 0 dB/cm, y, = 1.2, and

v, = 1700 m/s, a.p =25 dB/cm, ayp =0 dB/cm, y, = 1.2.

modes, that is dw/ok(w) = 0, at the crossing points of the cutoff
frequencies of the bandgaps (i.e., upper and lower limits of the light
gray areas) and the limits of the Brillouin zones. Conversely, in the case
of viscoelastic constituent materials (continuous red lines), the Bloch
wave number k(w) concurrently evolves in both the real and imaginary
planes, no matter the frequency. Indeed, outside the bandgaps, its imag-
inary part, denoted by J(k(w)), slowly increases with frequency while
its real part, denoted by R(k(w)), is slightly modified compared to the
pure elastic case, owing to the dispersion induced by the viscoelasticity
of the constituent materials. However, inside the bandgaps, while its
imaginary part J(k(w)) increases similarly to the pure elastic case, its
real part R(k(w)) does not remain constant, losing therefore the ZGV
property at the cutoff frequencies.

Alternatively, the acoustic behavior of the wave motion associated
with the infinite 1D-periodic medium can also be interpreted based on
apparent ultrasound characteristics, i.e., using the phase velocity v(w)
and attenuation a(w). Indeed, by considering propagation towards the
positive y-direction and thus keeping only solutions with positive phase
and group velocities (across the multiple Brillouin zones), the apparent
phase velocity and attenuation can be deduced from the Bloch wave
number k(w) as v(w) = w/R(k(w)) and a(w) = —J(k(w)), respectively. In

fact, the extraction of such apparent ultrasound characteristics consists
in considering the wave motion of the periodic medium as that of
an apparent homogeneous one [34]. Thereby, all interferences due to
the presence of the scatterers (i.e., interfaces between two phases) are
expressed in terms of apparent dispersion and attenuation of a single
wave rather than the stacking of multiple scattered waves.

The apparent phase velocity v(w) and attenuation a(w) are depicted
in Fig. 4 for the pure elastic (dotted black lines) and viscoelastic
(continuous red lines) cases. In addition, the effective viscoelastic
case (dashed blue lines), which is based on the long-wavelength, low-
frequency approximation [35], is also presented for comparison (see
Supplementary Material 1). As can be observed, the variations of the
phase velocity v(w) and attenuation a(w) for the viscoelastic case result
from two concurrent contributions: (1) the slow increase of these
apparent ultrasound characteristics with frequency is mostly related to
the viscoelastic behavior of the constituent materials, as it is present
in the effective case but not in the elastic one; and (2) their sudden
variations in the bandgaps result from periodicity effects (Bragg scat-
tering), as they are present in the elastic case but not in the effective
one. Altogether, these observations also evidence that a coupling takes
place between viscoelasticity and periodicity effects, as the solution
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Fig. 3. Normalized dispersion diagram for an infinite 1D-periodic medium, displayed for the pure elastic (dotted black lines) and viscoelastic (continuous red lines) cases:
(a) Complex Bloch wave number k(w) as a function of the frequency f in the first Brillouin zone; (b) Projection of k(w) on the real plane; and (c) Projection of k(w) on the
imaginary plane. The light gray areas display the positions of the bandgaps for the elastic case. The solutions of Eq. (1) were calculated using the input data from Fig. 2, together
with the following thicknesses and mass densities: d, = dy = d/2 = 667 pm, p, = 1200 kg/m?, and p, = 1100 kg/m>.
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Fig. 4. Apparent ultrasound characteristics extracted from the normalized dispersion diagram depicted in Fig. 3 for an infinite 1D-periodic medium, for the purely elastic (dotted
black lines) and viscoelastic (continuous red lines) cases: (a) Phase velocity v(w) and (b) Attenuation a(w). The light gray areas display the positions of the bandgaps for the elastic

case. The effective viscoelastic case (dashed blue lines) is also provided for comparison.

for the viscoelastic case is not a mere addition of the contributions
of the elastic and the effective cases. Indeed, this coupling leads to a
smoothing of the phase velocity in comparison with the elastic case and
therefore to a vanishing of the ZGV property at the cutoff frequencies
(see Fig. 4(a)). Likewise, it also causes a significant enlargement, as
well as a slight frequency shift, of the bandgaps (see Fig. 4(b)).

2.2. Assessment of the finite size nature of the samples

While Bloch-Floquet analysis provides an efficient way to model
the (visco)elastic behavior of periodic media, such modeling approach
is valid only when considering an infinite number of periodic spatial
repetitions N of the unit cell (i.e., N — o). Since samples are of finite
nature in practice, here we aim at assessing the impact of a finite size
periodic medium on the retrieved apparent ultrasound characteristics
(e.g., phase velocity, attenuation, complex wave number), in order to
provide a quantitative evaluation of the validity range of Bloch-Floquet
analysis. To this end, we propose to make use of the transfer matrix
formalism, which allows describing the wave propagation in successive
piecewise linear homogeneous, viscoelastic media [27,36]. Let us first
describe the wave propagation across a single unit cell, as depicted
in Fig. 5.

d
da dp
— —
ub(da,w) ufy (d, w)
-~ -~
up(da,w)  ulg(dw)
unit cell

Fig. 5. Schematic representation of the transfer matrix formalism for a wave
propagating across a single unit cell.

A harmonic solution for the displacement can be stated in the
frequency domain for each material m, with m € {A, B}, as

U (@) = uf (v, 0) + P (v, @) , Q)

where uf (y,w) and uP(y,w) stand for the forward- and backward-
propagating components of the displacement in each material m, re-
spectively.

In the case of a perfectly bonded interface between the two mate-
rials, the transmission conditions imply the continuity of displacement

and stress across this interface. Thereby, the transition from material A
to B (and vice versa) can be expressed as in Cretu and Nita [37],

(5a)
(5b)

ug(dy, ) =D p(@uy(dy, o),
uy(d,w)= Dp (w)up(d,m) ,
where u,,(y,w) = [ufn(y, ), uB,(y, )]" is the state vector of material m,
with T being the transpose operator. The (2 x 2)-discontinuity ma-

trix D,,;(w), which only depends on the complex acoustic impedance
of the two materials being in contact, can be defined as

4 4
1 A B, ifm=4
_ = I m=
D, (@ == i O ith m= ’
min(@) B ) z, 1y Zn W1 m { A ifm=B
Zﬁt m
(6)

In the same way, considering a harmonic wave propagating within the
same homogeneous material m, its transformed displacement can be
expressed by means of the (2x2)-propagation matrix P,,(w) for either A
or B as

uy(dy, w) = Py(wuy0,m) , (7a)
ug(d,w) = Pp(wug(d,, o), (7b)

with

Py(@) = < 0 exp(jk,, (@)d,,) > : ®)

The relation between the input and output state vectors for a single
layer of material m can therefore be expressed by means of the so-called
transfer matrix as T,,(w) = D, ;(@)P,(w). This allows us to further
define the transfer matrix of the unit cell, denoted by T,.(w), which
relates the state vectors u,(d, ) and u4(0, w), as

Ty (@) =T p(@)T 4() . )]

Thereby, the total transfer matrix of a 1D-periodic medium made of N
unit cells, denoted by T, (w), can easily be obtained by raising the
transfer matrix of a single unit cell to the power N as

Ty(@) = (Ty(@)" (10)

which accounts for all the reflections, transmissions, losses, and peri-
odicity effects of the wave propagating across the 1D-periodic medium.
Applying the Sommerfeld radiation condition at the right boundary
of the medium, ie., uZ(N d,w) = 0, allows recovering the transfer
function H y (w), which relates the transmitted wave ug(N d,w) to the
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Fig. 6. Impact of the finite size nature of a 1D-periodic medium on the apparent ultrasound characteristics modeled using the transfer matrix formalism: (a) Phase velocity vy (w)
and (b) Attenuation a, (w), displayed for three different values of the number of unit cells N (dotted and dashed green lines) and compared to the infinite case (continuous red
lines, taken from Fig. 4); (c) RMSE on the phase velocity and (d) RMSE on the attenuation, as a function of the number of unit cells N.

incident wave ug(O, w) as

Wy (Nd.w)  det (T y())
0.0 o)

where T,, () is the lower right component of the (2 x 2)-matrix T y (®).
Moreover, it can be shown that the determinant of the total trans-
fer matrix det (Ty(w)) = 1 for such linear, and therefore recipro-
cal system [38]. A natural manner to make the comparison with
Bloch-Floquet analysis easier is to extract the apparent phase velocity
and attenuation of the periodic medium by interpreting the multiple
scattering as the dispersion and attenuation of an apparent homoge-
neous medium of thickness N x d. Therefore, by modeling the transfer
function as a single forward propagating plane wave, ie., Hy(®w) =
exp(—jky(@)Nd), with ky(w) = o/vy(w) — jay(w), one can deduce
expressions for the apparent phase velocity and attenuation of the wave
propagating across the finite medium as
___wNd
arg(Hy (@) ’

(|Hy@)) ,

Hy(w) = (€8]

vy (@) = (12a)

1
m In (12b)
where arg and In denote the argument and natural logarithm of the
quantity.

The apparent phase velocity vy(w) and attenuation ay(w) are de-
picted in Fig. 6(a)-(b) for different values of N and compared to
the solutions (N — o) obtained using Bloch-Floquet analysis (re-
call Fig. 4). In addition, a more quantitative insight into the differences
between both modeling approaches is depicted in Fig. 6(c)—(d), which
shows the root-mean-squared errors (RMSE) for both apparent ultra-
sound characteristics over the considered frequency range as a function
of the number of unit cell repetitions N. As can be observed, for both
the apparent phase velocity and attenuation, the solution obtained
with the transfer matrix formalism (dotted and dashed green lines)

ay(w) =—

converges towards Bloch-Floquet solution (continuous red lines) when
the number of considered unit cells N increases. This means that, from
a sufficiently high number of unit cells, Bloch Floquet analysis is in
reasonable agreement with the transfer matrix formalism. However, for
lower values of N, it fails in properly capturing the variations in the
bandgaps and the oscillations due to Fabry—Perot interferences in the
low frequency regime (< 1 MHz).

3. Material and methods
3.1. Measurement method

In this study, the ultrasound measurement of 1D-periodic media was
performed based on the so-called insertion-substitution method [39].
The latter first consists in measuring a longitudinal wave transmitted
in normal incidence through a water-immersed sample (see Fig. 7),
denoted by u, (¢), where ¢ is the time, and then in removing the sample
without moving the transducers to measure a reference wave trans-
mitted through water only, denoted by u(f). The proposed approach
relies on several considerations [40,41]. First, it has the advantage
of removing the impact of the frequency response of the transducers.
Second, given the highly attenuating nature of the investigated samples,
the attenuation in water can be neglected. Third, the distance between
the emitting transducer and the sample is set to be large compared to
the size of the transducer, so that the acoustical field close to the sample
can be modeled under the plane wave assumption. Fourth, making use
of a reference measurement u,(¢) naturally cancels out the diffraction
effects common to both measurements (i.e., uy(f) and u,(?)), thereby
leaving only the eventual additional diffraction due to the presence of
the sample in the first measurement u,(¢), which is here considered as
negligible.

Under those considerations, the recorded signals u;(¢), with i =0, 1,
can be written in the Fourier domain as U;(w) = A;(w)exp(jg;(®)),
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1D-periodic sample

“di dp
Yz d Water

y h=Nd

Fig. 7. Schematic representation of the measurements method, where the 1D-periodic
sample is placed in water between the emitting (E) and receiving (R) transducers.

where A;(w) and ¢;(w) represent their amplitude and phase spectra,
respectively. Modeling these signals as the result of a single forward
plane wave propagating between the two transducers leads to

Up(@) = Ag(@) exp(igp(@)) = Ag(@) exp(~jk,,D) . (13a)

Ui(w) = A(w) exp(jo1(w) = Tig (@) Ag(@) exp(—jk,, (D — h))H(w) ,
(13b)

where D is the distance between both transducers, and k,, = w/c,, is
the wave number in water, with ¢, being the wave celerity in water.
Without loss of generality, the transfer function that describes the
wave propagation across the 1D-periodic sample only is here denoted
by H(w). The total transmission coefficient T}, (w), which accounts for
both the water-sample and sample-water interfaces, is given by

4Z(0)Z,

Tiop(@) = —— 20
“ (Z@) + Z,)°

14)
where Z(w) = pv(w) and Z,, = p,.c, are the acoustic impedances of
the sample and of the immersion medium, with p and p,, being their
respective mass densities. Given that it is reasonable to assume the
imaginary part of Z(w) to be negligible, the transfer function H(w) can
be derived from Egs. (13a)-(13b) as

where Ap(w) = ¢@(w) — @y(w). Further assuming that the transfer
function can be expressed as H(w) = exp(—jk(w)h) allows recovering
the apparent phase velocity v(w) and attenuation a(w) as
__wh

arg(H (o))

a(w) = —% In(|H®)) .

v(w) = (16a)

(16b)

It should be noted that such representation turns out to be similar
to that proposed in the modeling approaches (recall Sections 2.1 and
2.2), as it consists in measuring the ultrasound characteristics of the
1D-periodic medium as those of an apparent homogeneous sample.

3.2. Additively manufactured samples

Additive manufacturing of the samples was carried out using a com-
mercial multi-material 3D printer (Object 260, Stratasys, US), which
is based on polyjet technology. The latter applies a layer-by-layer
method where multiple streams of UV-curable photopolymers are jetted
through printing nozzles onto a building tray [24]. Two dissimilar
photopolymers have been used, a rigid glassy polymer (commercial
name VeroWhitePlus, VW*) and an elastomeric polymer (commercial
name TangoBlackPlus, TB*), to ensure a sufficient acoustic contrast
between the two phases. Five samples were investigated here. Three
1D-periodic samples were designed as multiple repetitions N of a unit
cell, which consists in a VW* and a TB* layer of equal thickness,
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resulting in a volume fraction of 50% for each constituent material.
In addition, two homogeneous samples, i.e., one for each constituent
material, were 3D-printed to serve as a reference for model calibration
purposes. Their overall nominal dimensions were set to 50.796 x 8.127 X
25.400 mm?, printed with a voxel size of 42.33 x84.66x31.75 um?, along
the x, y, and z, respectively (see Fig. 7). For the three periodic samples,
the unit cell repetitions were along the y-direction and set to N = 8§,
N = 12 and N = 24, resulting in a nominal unit cell thickness d of
1.016, 0.677, and 0.339 mm, respectively.

The sample dimensions in the xz-plane were chosen according to the
characteristics of the ultrasonic probes, i.e., so that they cover the entire
emission and reception area of the transducers (recall Fig. 7). Likewise,
the nominal thickness of the samples along the y-axis, denoted by &,
was chosen based on two criteria. First, it had to be thin enough to
allow for a sufficient wave transmission across the sample, thereby
ensuring a reasonable signal to noise ratio (SNR) despite attenuation.
Second, it had to be thick enough so that, for the 1D-periodic samples,
the number of unit cell repetitions N allowed the onset of periodicity
effects. To account for the measurement uncertainties, the dimensions
and mass of the samples were manually measured eight times by the
same operator, using a digital caliper (+0.01 mm) and an electronic
precision balance (+1 mg), respectively.

3.3. Experimental setup

All measurements were performed using two multielement probes
(Imasonic SAS, France) driven by a programmable multi-channel elec-
tronics (Advanced OEM Solutions, WestChester, USA). The two linear
transducer arrays consisted of 32 elements each, where each element
had a width and a height of 0.5 and 12 mm, respectively, leading to
a total transmission area of 16 x 12 mm?. The transducers operated
at a central frequency f, = 2.25 MHz (-18 dB frequency bandwidth
ranging from 1.15 to 3.15 MHz) and the pitch of the arrays was 0.5 mm.
Measurements were carried out using a plane wave imaging mode,
by simultaneously launching a pulse on all elements of the emitting
array. The transmitted signals were recorded on the receiving array
during 150 ps (from 100 to 250 ps after the emission), digitized with
a sample frequency f, = 100 MHz, and quantized with a 12-bit
resolution. It should be noted that the wavelength in water in this
frequency regime is small compared to the dimensions of the emitting
array, which implies a high directivity factor of the source and a weak
geometric attenuation that further support the assumption of negligible
diffraction [28].

Prior to the measurements, optimal azimuthal alignment between
the two transducers and the sample was concurrently obtained by
minimizing the time-of-flight difference of the signals received on
the leftmost and rightmost elements of both the emitting and re-
ceiving arrays. Likewise, optimal vertical alignment was achieved by
maximizing the SNR of the transmitted signals. Each measurement
was repeated eight times to account for the statistical dispersion of
the frequency-dependent phase difference (i.e., Ap(w)) and amplitude
ratio (i.e., Ayj(w)/A|(w)). The temperature during the measurements
was 25 °C (measured using a Zacro LCD digital thermometer, with a
resolution of +0.5 °C), so that the water celerity could be estimated
using Marczak’s polynomial model [42].

To extract ultrasound characteristics, i.e., the phase velocity v(w)
and attenuation a(w), from the measurements (recall Egs. (16a)-(16b)),
a dedicated signal processing has been applied as in Gattin et al. [28].
In short, the signals recorded on the 32 elements of the receiving array
were first averaged in order to filter out eventual spurious signals
belonging to non-plane wave components and improve the SNR. To
serve as an example, the resulting averaged signals u;(r) are depicted
in Fig. 8(a)—(b) for a single measurement performed on the 1D-periodic
sample with N = 12. Second, to isolate the echoes of interest, a tapered
cosine window (i.e., a Tukey window with a tapered fraction of 50%)
of time length equal to 15 ps was applied to each signal u;(¢). Third, a
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Fig. 8. Overview of typical signals recorded on a 1D-periodic sample (N = 12) using the insertion/substitution method: (a) Averaged time-domain signal u,(r) transmitted through
water only; (b) Averaged time-domain signal u,(¢) transmitted through the sample; (c) Amplitude A,(w) and (d) shifted phase spectra ¢;(w) extracted from both time-domain

signals u;(7).

discrete Fourier transform was applied to the resulting signals over the
total acquisition time to extract their amplitude A;(w) (see Fig. 8(c))
and phase spectra ¢;(w). To remove the inherent 2z-ambiguity of
conventional phase unwrapping algorithm [41,43], the latter were
finally split as ¢;(w) = of; + ¢;(w), where wt; is the linear part of the
phase spectra and ¢;(w) represent the phase variations (see Fig. 8(d)).
As can be observed, compared to the signal u(¢) transmitted through
water only (see Fig. 8(a)), the signal u,(r) transmitted through the
1D-periodic sample is strongly attenuated and exhibits a coda due to
Bragg scattering (see Fig. 8(b)). In the Fourier domain, the latter turn
to a sudden amplitude drop and an almost complete phase inversion
between around 1.2 and 1.9 MHz (see Fig. 8(c)—(d)).

3.4. Measurement uncertainty

The measurement uncertainty was derived following the recom-
mendations of the guide to the expression of uncertainty in measure-
ment [44]. As only one sample of each kind was 3D-printed here, the
measurement uncertainty only accounts for the uncertainty of the mea-
surement method, that is the expanded uncertainty on the measured
ultrasound characteristics (i.e., the apparent phase velocity v(w) and at-
tenuation a(w)), as a function of all potential sources of uncertainty on
the input quantities. Towards this goal, the measurement uncertainty
was here estimated by modeling the standard uncertainty on each input
quantity as a Gaussian probability distribution [44]. Since the phase
difference Ap(w) and amplitude ratio Ay(w)/A,(w), together with the
sample dimensions and mass, resulted from independent observations,
their respective standard uncertainties were assessed using Type A
evaluation of standard uncertainty. Conversely, as the uncertainty of
the water celerity mainly depends on the temperature and thereby on
the resolution of the digital thermometer, its standard uncertainty was
therefore assessed using Type B evaluation of standard uncertainty. The
combined standard uncertainty on the measured ultrasound character-
istics, denoted by u.(v(w)) and u,(a(w)), was then evaluated by applying

the law of propagation of uncertainty for uncorrelated input quantities
to Egs. (16a)—(16b), which results in

U (v(w))

ue)\ | [ ude@)\: . [ Aedu(h))
— 2 w
= v (w) <_02 > +< oh ) +< oh? ) s

w

(17a)
uc(a(w))

= az(w)<@>2+i<w)2¢(ucmm(w»)z
) n ) P\ heme ) T e )

(17b)

where u(-) denotes the standard uncertainty on the input quantities.
In the same way, u,(T;,(®)) is the combined standard uncertainty of
the total transmission coefficient, which has been deduced beforehand
from Eq. (14). Likewise, the latter requires the prior calculation of
the combined standard uncertainty of the mass density u.(p), which
results from the measurements of the sample dimensions and mass.
Finally, all uncertainties reported in the following for the measured ul-
trasound characteristics correspond to expanded uncertainties, denoted
by +U(v(w)) and +U(a(w)), given with a 95% confidence level (ie.,
using a coverage factor k = 1.96). It should be noted that the water
density p,, was set equal to 998 kg/m? and not accounted for in the
expression of uncertainty.

4. Experimental results
4.1. Model calibration

To evaluate the ability of the proposed modeling approaches to
predict the periodic, viscoelastic behavior of the investigated samples,
we first have to calibrate the mechanical properties of the constituent
materials, ie., k,(w) and p,, (recall Egs. (1) and (9)). These can be
retrieved from the measurements performed on the two homogeneous
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Table 1

Optimal model parameters 0, identified from the measurements performed on the
homogeneous VW* and TB* samples using Szabo’s model. Their respective mass
densities p,, were obtained by mass and volume measurements.

Optimal model parameters 0, Mass density

Uem Ao I Qo Pm

m/s dB/cm - dB/cm kg/m?
VWw+ 2422.5 8.67 1.005 —-0.85 1177.0
TB* 1809.4 30.15 0.966 -0.78 1104.2

samples (i.e., VW' and TB™"), which are achieved based on the measure-
ment method described in Section 3.1. Towards this goal, we propose
an optimization procedure to identify, for each constituent material m €
{VW*,TB*}, the four model parameters 6,, = [V Xem> Ym> %om] that
minimize the following objective function F(6,,) in a least squares sense
as in Gattin et al. [28],

1

FO,) =11 X

i=1

k(@) = k(. 0,,) 2

kp(@;) ’ as)

where k,,(®;) = w;/v,,(®;) — ja,(w;) and k,(w;, 0) are the measured and
modeled complex wave numbers at the ith discrete frequency, which
are respectively determined using Eqs. (16a)-(16b) and Egs. (2)-(3).
The variable I denotes the total number of discrete frequencies of
the useful bandwidth on which the optimization is performed (from 1
to 4 MHz). The minimization of F(0,) was carried out using the
unconstrained Simplex algorithm [45]. The resulting optimal model
parameters 0, along with their respective mass densities p,,, are
summarized in Table 1.

The matching between the measured ultrasound characteristics and
the corresponding Szabo model outcomes calculated using the op-
timal model parameter @, is depicted in Fig. 9. As can observed,
the measured ultrasound characteristics (continuous black lines) are
satisfactorily captured by Szabo’s model (dashed red lines) over the
explored frequency range. The pseudo-R?, calculated as recommended
by Kvalseth [46] for a nonlinear regression analysis, are systemati-
cally higher than 0.98 for both the phase velocity v, (w) and attenu-
ation a,,(w). Moreover, both constituent materials obey a quasi-linear
power-law attenuation. Altogether, the model calibration results con-
firm previously observed evidences [27,28,47,48], and therefore allow
us being confident in using these properties to feed the 1D-periodic
models.

4.2. Model validation

The goal of this section is to compare the apparent ultrasound
characteristics, i.e., the phase velocity v(w) and attenuation a(w), mea-
sured on the three 1D-periodic AM samples with those predicted by
the mechanical models presented in Section 2. To this end, the model
calibration results reported in Table 1 were used to feed the relations
resulting from both the Bloch-Floquet analysis and the transfer matrix
formalism (recall Eq. (1) and Egs. (12a)-(12b), respectively). At this
stage, it is worth mentioning that neither Bloch-Floquet analysis nor
the transfer matrix formalism does account for the boundary condi-
tions with the surrounding medium. However, in practice, it can be
shown that the contribution of the latter becomes insignificant for a
sufficiently large number of unit cells (see Supplementary Material 2),
in which case the effects of periodicity are widely predominant.

Fig. 10 depicts the measured (continuous black lines) and modeled
ultrasound characteristics for the three 1D-periodic samples with vary-
ing unit cell thicknesses d (but with constant total thickness 2 = Nd),
where the latter have been obtained using both the Bloch-Floquet anal-
ysis (continuous red lines) and the transfer matrix formalism (dashed
green lines). To serve as a further comparison, the ultrasound char-
acteristics delivered by the effective model (dashed blue lines) are
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provided as well (recall Supplementary Materials 1). As can be ob-
served, the apparent ultrasound characteristics predicted by both the
Bloch-Floquet analysis and the transfer matrix formalism are overall
in good agreement with their measured counterparts over the explored
frequency range, as they nearly always fall within the 95% limits
of agreement, as defined by the expanded uncertainties (gray areas).
This thereby confirms that viscoelastic and periodic effects, i.e., the
slow and sudden dispersive variations discussed in Section 2.1, are
properly accounted for in the modeling, no matter the designed unit
cell thickness d. Moreover, as already observed in Fig. 6, Bloch-Floquet
analysis slightly overestimates the apparent phase velocity and attenu-
ation peaks compared to the transfer matrix formalism, especially for
the samples with a low number of unit cells N, for which the finite size
nature plays an important role.

In particular, it can first be observed that, as the unit cell thickness d
increases (from panels (a) to (c)), the bandgap positions shift towards
lower frequencies, and likewise the bandgaps become narrower and
closer to each other on the explored frequency band. Second, it is
noteworthy that the acoustic behavior of the sample with the lowest
unit cell thickness d (see Fig. 10(a)) is also accurately captured by the
effective model (dotted blue lines) below 1.5 MHz, as the corresponding
wavelength is large compared to the unit cell thickness (1/d ~ 4),
thereby hindering periodicity effects to have a significant impact in
this low frequency range. In addition, for this case the mismatch
between the measured ultrasound characteristics and those predicted
by the transfer matrix formalism becomes important above 2.8 MHz.
This is due to the presence of a large bandgap close to the upper
limit of the useful frequency bandwidth, which results in a sudden
amplitude drop and phase inversion in the range of about 2.8-3.4 MHz.
These effects altogether lead to measurements with a poor SNR (<
—60 dB) in this frequency range, which explains the mismatch for
the apparent attenuation a(w) there. These effects furthermore cause
a failure of the phase reconstruction algorithm at higher frequencies
too, thereby hampering an accurate recovery of the apparent phase
velocity v(w) above 2.8 MHz. Third, for the two samples with larger
unit cell thickness d (see Fig. 10(b)—(c)), the transfer matrix formalism
accurately predicts the experimentally observed dispersion, along with
the positions and widths of the bandgaps, over a wide frequency
band. The slight mismatch in the position and amplitude of secondary
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Fig. 9. Optimal matching between the measured ultrasound characteristics (continuous
black lines) and the Szabo model outcomes (dashed red lines) calculated using the
optimal model parameters 0, for the homogeneous samples: (a) Phase velocity v,,()
and (b) Attenuation «,,(w), with m € {VW*, TB*}. The gray areas display the expanded
uncertainties on the experimental results.
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Fig. 10. Comparison between the measured and modeled apparent ultrasound characteristics, i.e., phase velocity v(w) and attenuation a(w), for the three 1D-periodic AM samples

with varying unit cell numbers and thicknesses: (a) N =24 (d =339 pm); (b) N =12 (d =

on the experimental results.

bandgaps, especially visible for the attenuation a(w), is likely to be due
to sample imperfections (e.g., fluctuations of the period ). This point
will be further discussed in Section 5.

5. Discussion

In this study, we introduced two different approaches for modeling
longitudinal ultrasound wave propagation across a 1D-periodic bipha-
sic medium made of viscoelastic constituent materials. First, Bloch—
Floquet analysis has been discussed in the frame of viscoelasticity and
compared with the classical elastic case, with the aim of identifying
the relative contributions of both viscoelasticity and periodicity on
the apparent ultrasound characteristics of interest (i.e., complex wave
number, phase velocity, and attenuation). Second, since Bloch-Floquet
analysis relies on the assumption of an infinite number of periodic spa-
tial repetitions of the unit cell, the impact of the finite size nature of the
medium has been assessed by making use of the transfer matrix formal-
ism. In order to support the modeling results, both homogeneous and
1D-periodic samples have been additively manufactured using a multi-
material 3D printing technology, which allowed for a local control of

677 pm), and (¢) N =8 (d = 1016 pm). The gray areas display the expanded uncertainties

the spatial arrangement of two phases with dissimilar properties (i.e.,
a rigid glassy polymer and an elastomeric polymer). All samples have
then been measured in through-transmission using multielement probes
driven by a multichannel electronics. The measurements performed on
the homogeneous samples were processed to retrieve the phase velocity
and attenuation of the constituent materials, which were in turn used
to feed both periodic models. The latter were subsequently compared to
the measurements performed on the 1D-periodic samples for validation
purposes.

The main findings were as follows: first, the modeling results, along
with their confrontation to the measurements, altogether suggest that
it is essential to account for viscoelasticity to predict the complex
acoustic behavior (i.e., apparent dispersion, attenuation, bandgaps) of
periodic media made of photopolymer-based AM materials in the MHz
regime. Indeed, the latter results from the coupling of two contribu-
tions — the constitutive relation of the constituent materials plus their
spatial arrangement —, which cannot be captured by more simplistic
models based on the purely elastic periodic model or effective medium
theory. Second, the critical assessment of the differences between the
two proposed modeling approaches showed that Bloch-Floquet anal-
ysis tends to overestimate the apparent ultrasound characteristics in
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the bandgaps, especially in the case of finite size media with a low
number of unit cell repetitions. Nevertheless, we showed that the
associated results converge towards those obtained with the transfer
matrix formalism when considering a sufficiently large number of unit
cell repetitions. As a by-product, it is noteworthy that polyjet AM
has been shown to allow for the design of periodic multi-material
samples exhibiting bandgaps in the MHz regime. This constitutes an
achievement in itself, since only a few studies have experimentally
evidenced ultrasonic bandgaps in this frequency regime using bulk
waves [17,21]. In addition, the proposed approach not only exploits the
amplitude of the signal but also its phase, which altogether allow recov-
ering apparent ultrasound characteristics, and thereby the dispersion
relation, while most studies focusing on ultrasonic bandgaps only have
exploited the measurements of reflection and transmission coefficients
so far [19].

Despite these promising results, our study suffers from some limi-
tations. First, the expanded measurement uncertainty was not always
sufficient to explain the slight deviations from the model predictions
(noticeable in particular in the position and amplitude of secondary
bandgaps in Fig. 10). In this regard, several sources of uncertainty are
believed to impact the modeling predictions as well. Among these, it
is worth mentioning the inevitable sample imperfections, which may
result from the manufacturing process. For instance, the three 1D-
periodic samples were designed and modeled to have perfectly identical
unit cells, no matter their thickness 4 and numbers N, with a volume
fraction for each constituent material equal to 50% (ie., d4 = dg =
d/2). Nevertheless, uncertainties on the volume fraction and on the
intra-sample variability of the unit cell thickness could lead to a certain
fluctuation of the periodicity, whose impact was not accounted for in
the comparison between the model predictions and the experimental
data. Likewise, it has also been shown that this printing technology
may lead to a gradient of properties at the interfaces between the
two photopolymers [49], as the latter can blend to some extent before
curing occurs. Such a gradient, whose expected width in the current
printing setting is about 50 pm, could reduce the apparent impedance
contrast between the two photopolymers, and therefore mitigate the
impact of periodicity. Altogether, the quantitative assessment of these
effects is difficult and beyond the scope of this study, as it would require
the application of minimally invasive and long-winded experimental
methods, such as nanoindentation. Second, this study deliberately fo-
cused on the simplistic case of longitudinal wave propagation across
1D-periodic media only, as it offers a well-controlled framework to
disentangle the relative contributions of viscoelasticity and periodicity,
as well as to compare modeling approaches capable of accounting
for these phenomena. The extension to more complex architectures
involving 2D or even 3D-periodicity, together with potential mode
conversion, requires some modeling considerations. For instance, in
such cases the dispersion relation resulting from Bloch-Floquet analysis
(recall Eq. (1)) can no longer be solved analytically, and one therefore
has to turn to numerical approaches, for which the consideration of
viscoelasticity is not necessarily trivial [50-52]. Conversely, although
the transfer matrix formalism can be extended to account for 2D
propagation in oblique incidence [53], it is not appropriate anymore
for higher order spatial periodicity, and time-transient simulations by
means of the finite element or finite difference methods should be used
instead [54], at the expense of a higher computational cost. Third,
the current experimental configuration was limited to the exploitation
of through-transmitted signals so far. However, many applications in
ultrasonic nondestructive testing require measurements to be achieved
in reflection, since the back side of the investigated sample is not
always accessible. In that sense, the transfer matrix formalism has the
advantage of naturally providing the reflection coefficient (in ampli-
tude and phase) as a way to retrieve complementary information on
viscoelasticity and periodicity, while such configuration is difficult to
figure out using Bloch-Floquet analysis.
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Altogether, these limitations make the ultrasound characterization
of periodic media a challenging problem with much potential for future
works. As a next step, we will experimentally and numerically investi-
gate more complex architectures by tailoring the spatial arrangement
of the two elementary constituents (e.g., squared inclusions, gyroids) to
achieve programmable acoustic behaviors. Given that photopolymer-
based AM is experiencing a wide dissemination, this research will
not only be valuable to conduct fundamental studies on ultrasonic
bandgaps in 3D-printed periodic media [21], but also to develop ac-
curate monitoring techniques towards the characterization of scaffolds
for tissue engineering applications [14].
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