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1. Introduction

This research is motivated by a compelling drive to address significant knowledge gaps and
advance understanding of the acoustic behaviors of polymer filaments, which are commonly used
in additive manufacturing processes. The goal of this study is to uncover the intricacies of the
acoustic characteristics of such polymer filaments by comparing them to those of metal filaments.
The increasing prominence of additive manufacturing underscores the urgent need for
comprehensive insights into the acoustic properties of diverse materials used in these processes,
as these properties can be used for material characterization and quality control. This study is
propelled by an intrinsic desire to understand the manifestation of these acoustic behaviors and
how this understanding can be translated into practical applications. By investigating and
comparing the resonance frequencies of aluminum and Polylactic Acid (PLA) cylinders, the aim
is not only to contribute to the theoretical foundations of material acoustic behavior but also to
pave the way for real-world applications, particularly in non-destructive testing methods such as
ultrasonic testing. Motivated by this, the research aims to catalyze advancements in material
design, manufacturing processes, and applications, providing tangible benefits to industries that
rely on additive manufacturing technologies.

In the fused filament fabrication (FFF) process, one of the most versatile additive manufacturing
methods, the raw material is typically a small-diameter polymer filament that is not easily
subjected to destructive tests, such as tensile testing. Hence, the creation of a Non-Destructive
Evaluation (NDE) technique to assess the elastic characteristics of these filaments would be greatly
advantageous. A promising NDE strategy could entail employing inverse methods, a methodology
previously utilized in the analysis of metallic rods [1]. The underlying physics of acoustic wave
interactions with an elastic entity is a multifaceted process that involves the emergence of diverse
surface wave types within and around the elastic material. For instance, in the scenario of an elastic
cylindrical entity, when acoustic waves encounter the boundary of the cylinder, they not only
undergo reflection from the surface but also give rise to surface waves propagating along the
perimeter of the cylinder. There is a close relationship between the resonance modes of an elastic
object and the surface waves that travel along its boundary; this relationship can be used to
characterize the object. If the frequency of the incoming wave matches one of the circumferential
resonance frequencies of the cylinder, the phase matching of the surface waves leads to
constructive interference. This phenomenon is evident in Resonance Scattering Theory (RST), first
introduced by Uberall et al. [1], which provides an initial physical explanation. According to
resonance-scattering theory, the reflected signal from an elastic cylinder in a fluid has two
components. The first component is a smooth background, and the second one is the cylinder's
resonance frequencies. The normalized far-field pressure spectrum of an elastic cylinder, known
as the form function, includes these two components. Resonances are denoted by two integers, n
and /. Integer n indicates the mode number of the resonance, and / determines the type of surface
wave generated around the cylinder. The form function can be measured using two experimental
methods: the semi-harmonic method and the short-pulse MIIR [2], where MIIR stands for the
Method of Isolation and Identification of Resonances.

The development of mathematical frameworks for understanding the scattering of acoustic waves
from submerged cylinders has seen significant contributions from various researchers, some of
which are reviewed here. Faran [3] introduced the initial mathematical framework, laying the
groundwork for subsequent advancements in the field. Flax et al. [4] furthered this work by
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developing a mathematical model specifically for the backscattering of acoustic waves from elastic
submerged cylinders. Honarvar and Sinclair [5] introduced a model for the scattering of acoustic
waves by anisotropic cylinders with hexagonal symmetry, characterized by five independent
elastic constants. Ahmad and Rahman [6] investigated the scattering of acoustic waves by
transversely isotropic cylinders, advancing understanding of complex wave interactions.

Flax et al. [1] analyzed resonance scattering of acoustic waves from both elastic cylinders and
spheres, deconstructing the scattering function into constituent partial waves. Rhee and Park [7]
proposed an innovative resonance formalism for the scattering of acoustic waves and compared it
with classical resonance scattering theory. Hefner and Marston [8] analyzed backscattering
enhancements from PMMA spheres in water, revealing pronounced resonance peaks in the form
function f within the ka = 1.5 — 7 range. Their study elucidated these peaks as resulting from
subsonic Rayleigh wave interactions coupled with acoustic tunneling, underscoring the spheres'
significant target strength potential at lower frequencies. Schuetz and Neubauer [9] laid the
groundwork for understanding acoustic reflections from both nonabsorbing and absorbing
cylindrical structures, establishing a theoretical foundation for the role of absorption in acoustic
scattering by cylinders. Building on this foundation, Mitri et al. [10] introduced a comprehensive
expression for the backscattering form function of cylindrical targets exposed to an incident sound
field, incorporating the absorption characteristics of shear and compressional waves in viscoelastic
materials. Their numerical results highlighted the influence of ultrasonic absorption on the material
properties of the cylinder. Williams and Marston [11] developed key concepts of phase sensitivity
and resonance identification for spherical geometries, using the Sommerfeld-Watson
transformation (SWT) to analyze backscattering and the Fabry-Perot analysis to explore resonance
amplification. Their work demonstrated that the interference of the specular and Rayleigh
contributions for a tungsten carbide sphere, within the rangel0 < ka < 80, produces the
underlying structure in |f (ka)|. In contrast, whispering-gallery wave resonances produce a finer
superposed structure [11]. Sun and Marston [12] extended this framework to cylindrical shells,
emphasizing the role of leaky Lamb waves in the form-function structure. They demonstrated that
mode conversion and leaky wave radiation dominate backscattering for ka > 7. Their analysis
emphasized how the relative phase between the background (specular) contributions and guided
waves determines whether resonances manifest as peaks or dips in the backscattering spectrum.
Mitri et al. [13] further refined this resonance-based approach, demonstrating the sensitivity of
absolute phase shifts in detecting resonances in both cylinders and spheres, thereby establishing
its efficacy as a powerful tool for resonance analysis. While the geometries of spheres and infinite
cylinders are distinct, the underlying scattering phenomena share critical similarities, a point
emphasized in Marston’s high-frequency scattering analyses [14, 15]. Batard and Quentin [16]
contributed to the field by measuring elastic properties in submerged isotropic cylinders using a
reverse technique applied to acoustic scattering data. They focused on the resonance frequency
and bandwidth, derived from altering the elastic constants, to characterize the cylinders. Honarvar
and Sinclair [17] explored the applications of resonance acoustic spectroscopy (RAS) in non-
destructive evaluation and monitoring of cylindrical components. They developed mathematical
models for elastic and viscoelastic rods with coatings, as well as transversely isotropic infinite
cylinders, aligning theoretical predictions with experimental measurements to showcase the utility
of RAS. Kari et al. [18] introduced an innovative non-destructive method for determining the
elastic constants of transversely isotropic materials, solving an inverse problem based on scattering
data. Furthermore, in another paper, Kari and Honarvar [19] measured the speed and density of
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steel and aluminum rods, as well as a steel rod embedded in an aluminum matrix. They employed
a genetic algorithm as an inverse method, validating their results with theoretical and empirical
form functions.

These diverse contributions have enriched the understanding of acoustic wave scattering from
cylinders, spanning from fundamental mathematical frameworks to practical applications in non-
destructive evaluation and material characterization.

In this paper, the analysis of resonance frequencies and their role in the acoustic behavior of
cylindrical objects made from metals or polymers is emphasized. The investigation begins with
the resonance characteristics of aluminum cylinders, where these frequencies appear as dips
(minima) in the form function due to destructive interference. The analysis then shifts to polymeric
cylinders, such as PLA, where resonance frequencies align with peaks (maxima) in the form
function, resulting from constructive interference. These contrasting behaviors highlight the
fundamental differences in how resonance phenomena manifest in lightweight polymers compared
to metals. Both analytical and experimental methodologies are presented to determine resonance
frequencies and interference types, offering a systematic approach for evaluating these materials.
The findings contribute valuable insights for the ultrasonic testing of polymer filaments in additive
manufacturing, enabling real-time quality control and material characterization.

2. Theoretical model

In this section, the mathematical model of the scattering of a monochromatic plane harmonic
acoustic wave from an elastic cylinder is briefly examined. Figure 1 illustrates an infinite
monochromatic plane acoustic wave impinging on an infinitely long submerged cylinder at an
incident angle a, with a frequency of w/2m. The variable a is retained throughout the formulation
to preserve generality, although all subsequent results assume o = 0. The cylinder's radius is a, its
density is p, and the density of the surrounding fluid is p,,. The problem is solved in a cylindrical
coordinate system (7, 8, z), where the z-axis aligns with the axis of the cylinder. The pressure p; of
the longitudinal plane wave impinging on the cylinder at an arbitrary point M with coordinates
(r, 8, z) is given by Equation 1 [4]:

(0]

Pi = Po z Eni"Jn (ky7) cos(ng) e'ler=®0) (1)
n=0

where p, i1s the amplitude of the impinging wave, &, is the Neumann factor (forn =0, g5 = 1,
and forn > 1, g, =2), J,, is the first kind Bessel function of order n, k is the wave vector, k, =
k sina,k, = k cos a,and r is the position vector of point M. Furthermore, |k| = w/c,, is defined
such that w is the angular frequency and c,, is the longitudinal wave speed in the fluid surrounding
the cylinder. The scattered wave pg of the cylinder at point M follows the wave equation and is
calculated from the following equation [4]:

o)

Ps =0 ) eai™ AnHP (y1) cos(ng) eiCher-o0 ®

n=0
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Fig. 1. Geometric principles in theoretical analysis (plane wave incidence)
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The coefficients 4,, are taken from Ref. [5]. The scattered pressure field is usually calculated at a
far field (r >> a) for a fixed angle 6 for a range of frequencies. The resulting far-field amplitude
spectrum is called the form function and is obtained from the following equation [20]:

1

21\2 (Ds .
o= (2 (2o
I a Po
The form function is written as the sum of individual normal modes:
fuo0,k) = ) £,(60,ka) @
n=0
hence, the normal modes for each n are defined as follows [20]:
£,(6,ka) = ——— e, 4, cos(nd) ®
Jka) = ——¢€ cos(n
" Virtka e

Using the resonance scattering theory (RST), which shows that the reflected amplitude spectrum
from an elastic scatterer is a combination of resonant components placed on a smooth background
[1], several researchers [1, 7] have obtained the resonance information of the scatterers by simply
subtracting the appropriate background term (rigid, soft, or intermediate) from the overall scattered
pressure field. According to Ref. [21], the background term may correspond to a rigid body, a soft
body (e.g., air bubbles), or an intermediate background (e.g., thin-walled elastic shells) [21]. If the
density of the target material is much greater than the density of the surrounding fluid, in this case
water, Equations (6) and (7) for a rigid cylinder should be used. The background term may
correspond to the component for a rigid body, an acoustically soft body (e.g., air bubbles), or an
intermediate background (e.g., thin-walled elastic shells) [21]. Therefore, a rigid reference cylinder
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is utilized in this study. It should be noted that in the case of intermediate backgrounds, the phase
of the background contribution can vary with ka, as discussed in [12, 22]. While the current
analysis uses the rigid background model as described in Ref. [21], this distinction is
acknowledged here for completeness.

fn*5(0) = n(An — An) cos(nb) = fr — fi (6)

2
Virka
Where A}, and f;] are the scattering coefficients of the rigid background and its form function,
respectively, which are determined as per Equation 7 [20].

o ~ " Vinka kaz H(l)’(ka) (7)

(for cylinder with a rigid background)

Where, /' and H,gl), are the derivatives of the Bessel and Hankel functions of the first kind of
order n with respect to ka, respectively.

This equation, known as classical RST, appears to provide accurate estimates of the resonance
frequencies [7]. The background constituent of the form function interacts with Rayleigh and
whispering-gallery waves to produce a series of interference patterns [23]. For metallic targets, the
circumferential elastic amplitudes are largely 180 degrees out of phase with the background,
resulting in interference minima. In contrast, interference in lightweight targets like Lucite is
largely constructive, leading to the formation of interference peaks [23]. To determine the
interference type, the phase difference between the resonance spectrum and the rigid background
1s measured, and its cosine is calculated. The concept of using the cosine of the phase difference
to determine constructive or destructive interference comes from fundamental wave interference
principles in physics [24]. Constructive interference occurs when the phase difference between
two waves (¢) is an integer multiple of 2, meaning the waves are in phase and their amplitudes
add up, resulting in a larger resultant amplitude [24]. Mathematically, when cos(¢) = 0, it
indicates constructive interference. Destructive interference occurs when the phase difference is
an odd multiple of m, where the waves are out of phase, and their amplitudes tend to cancel out
each other, resulting in a smaller resultant amplitude. Mathematically, destructive interference is
indicated when cos(¢) < 0 [24]. Thus, if this cosine value is greater (or equal) to zero, the
interference is constructive; otherwise, it is destructive.

In addition to the above method, Flax et al. [1] also classified resonances as Type 4, B, and C
based on resonance terms and their interference conditions in the partial wave amplitude equation

[1]:
1

20 g 2l i8] i ET
fn(6,ka) = Fe ne, 1 e~ Ynsiné&r | cos(nb) (8)
inka kay — ka — il
where [; introduced as resonance width [1]:
9)
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!
J',(ka)
'
H,” (ka)

(for rigid reference cylinder)

tané] =

Type A resonances are classified as "pure" resonances or constructive interference. These
resonances occur at frequencies nearly coinciding with a null of the rigid background, where &;, =
0 where, & is the phase shift and can be determined as per Equation 9 [1]. Therefore, in these
cases, only the resonance contribution in f,, as shown in Equation 8, is significant. Type B

. . . Vs .
resonances, on the other hand, are classified as destructive resonances, with &) = 7 This results

in the background term in Equation 8 becoming -, while the resonance term at ka = ka;, becomes
+i, leading to a cancellation effect [1]. Type C resonances do not coincide with peaks nor dips of
the background [1].

Polymer filaments, as polymeric materials, exhibit viscoelastic behavior [25] characterized by
complex elastic coefficients. Here, the real part denotes the material's elastic properties, while the
imaginary part reflects its damping characteristics. This study aims to identify resonance frequency
locations in the form function for material characterization. Despite damping effects from
ultrasonic absorption reducing the amplitude in polymer filaments, the resonance frequencies do
not shift within the filament's frequency spectrum. It is important to note that for the calculation
of a form function, this paper does not account for acoustic attenuation, which may be relatively
high in PLA. Therefore, while the focus remains on determining resonance frequency locations,
excluding acoustic attenuation factors from these calculations does not affect the objectives of this
study [10].

3. Experimental method

The short-pulse MIIR is used to measure the form function, resonance spectrum, and resonance
frequencies of the cylindrical samples studied in this paper [26]. In short-pulse MIIR, the target is
excited by a short pulse, the duration of which is small compared to the diameter of the target
divided by the speed of sound [26]. In Resonance Acoustic Spectroscopy (RAS), the target is
positioned sufficiently far from the probe to satisfy the far-field conditions. These simplifications
are well-established practices in acoustics, ensuring a practical and accurate representation of real-
world scenarios in which far-field conditions are commonly encountered [27].

The first echo, the specular echo, can be used to calibrate the system [26]. The form function is
obtained by taking the Fast Fourier Transform (FFT) of the backscattered signal [26]. To compare
the analytical and experimental form functions, the effects of the transmitter and receiver transfer
functions must be removed by utilizing a deconvolution process. This process is performed
according to the procedure presented by Sodagar et al.[26]. To separate the effects of the
measurement system and obtain an experimental form function, a reference frequency spectrum
that excludes resonance effects is required 2. Sodagar et al.[26] isolated the specular echo reflected
from the cylinder from the total backscattered signal and then used its frequency spectrum as the
reference spectrum. To eliminate the effects of the measurement system, the following equation is
used [26]:
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feol = (colsa) ;(((‘a))))

where, S(w) is the frequency spectrum of the cylinder and S’(w) is the frequency spectrum of the
specular echo, and |fi7| is the analytical form function obtained from a reference cylinder by using
equation 7.

1/2

|feol (10)

In this paper, the experimental frequency spectra for both a metal and a polymer, as detailed in
Table 1, are plotted. The locations of the resonance frequencies are examined and determined
based on whether the reference cylinder is rigid or soft.

The data acquisition system used in this study consists of an analog-to-digital card that is installed
on the main board of a computer. This card, model CS14100-1M, manufactured by Gage, is a 14-
bit card with a sampling frequency (fs) of 100 megasamples per second. It has one channel at 100
Ms/s and two channels at 50 Ms/s, with a signal-to-noise ratio of 63 dB. Bandwidth is measured
by examining the frequency spectrum of the specular echo using the Full Width at Half Maximum
(FWHM) [28]. The ultrasonic transducer used in the experiments is a flat circular immersion
transducer with a central frequency of 1 MHz and a diameter of 12.7 mm. The 1-megahertz
transducer has a bandwidth ranging from 500 to 1500 kHz. The test specimens, consisting of
aluminum and PLA, were immersed in water maintained at 25°C, as shown in Figure 2. The
aluminum sample and PLA filament have diameters of 4 mm and 1.76 mm, respectively. To
minimize end effects, both samples were selected to be 30 cm long[29]. Although the ideal sample
length for such tests is typically infinite or at least semi-infinite length [12], some studies [18] have
explicitly used a 300-mm sample length and obtained reliable results. Due to experimental
limitations, the strict far-field criterion specified in Equation 1 of Ref. [30] could not be met.
However, the less restrictive criterion of ¥ >> k(a?) [31], has been met, allowing us to treat the
wavefronts as planar in our study.

In the experimental setup shown in Figure 2, the cylinder was positioned at a right angle to the
transducer's axis by aligning it with the transducer holder. This alignment allowed for consistent
visual inspection of the signal shape to ensure accuracy. Furthermore, the filament piece was
carefully held with precise drilling constraints, and the signal quality was consistently monitored.
After immersing the target, sufficient time was allowed for all bubbles to dissipate before
commencing the tests and recording signals naturally.

Table 1. Specifications of the materials used in tests based on the manufacturer's data

Material Density Sample Type Diameter Longitudinal Wave Transve_rse Wave
(kg/m3) (mm) Velocity (m/s) Velocity (m/s)
Aluminum 2776 Cylinder 4 6265 2815
PLA 1250 Filament 1.76 2062 (Ref. [29]) 1112 (Ref. [29])
Water 1000 --- 1480 -
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(b)

Fig. 2. a) Aluminum cylinder; b) polymer filament

4. Results and discussion

The primary objective of this paper is to locate the resonance frequencies and the type of
interference of these resonance frequencies with the background part of the form function.

A. Theoretical results

In this section, a metallic aluminum cylinder is examined first. The properties of aluminum are
listed in Table 1, and graphs of the theoretical form function of this aluminum cylinder are plotted
for & = m in Figure 3 based on Equation 4. In the calculation of the form function, the summation
over partial waves is truncated at n = 30, following the approach of Rhee and Park [7]. This
ensures numerical convergence while maintaining computational efficiency. In this study,
amplitudes were normalized by their respective maximum values to showcase relative variations
across frequencies. This method was chosen to facilitate clearer comparative analysis and highlight
frequency-dependent variations in the data.
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Fig. 3. Analytical graphs of the aluminum cylinder: a) amplitude plots of the form function, rigid background,
and resonance spectrum; b) phase plots of the form function, rigid background, and resonance spectrum; c)
derivative of the unwrapped phase plots of the form function, rigid background, and resonance spectrum.

Figure 3 includes three distinct groups of plots. Figure 3a shows the magnitudes of the form
function, rigid background, and resonance spectrum. Figure 3b shows the phases of these
functions, while Figure 3c presents the derivatives of the unwrapped phase of these functions by
employing the methodology described in Ref. [29]. This visual representation is utilized to pinpoint
resonance points through established resonance equations.

It is well known that the resonance frequencies of an aluminum cylinder are precisely positioned
at the minima of the form function [19]. Upon scrutiny of the graphs shown in Figure 3a, it
becomes evident that the resonance points, aligning precisely with the minima of the form
function, correspond to the local peaks observed in the resonance spectrum. These points,
graphically represented on the rigid background diagram, are meticulously classified as minimum,
maximum, or non-peak. Table 2 shows how resonances appear as the minima of the form function.

Table 2.Description of the extreme points of the analytical form function of the aluminum cylinder

Position Position on  Position on the Resonance
L Interference . (n, D Interference
ka on form rigid resonance e width (Ref. [19]) (Ref. 1)
function response spectrum yP (FWHM) ' '
4.47 Min. Max. Destructive 1.18 (2,1) Destructive —
Max.
Type B
5.52 Min. Non.Peak Destructive 0.05 (1,2) Pure Resonance
Max.
—Type A
7.04 Min. Non-Peak Destructive 1.28 3.D Destructive —
Max.
Type B
8.64 Min. Min. Destructive 0.04 (2,2) Destructive —
Max.
Type B
9.21 Min. Max. Max Destructive 1.31 4,1) Pure Resonance

—Type A
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The initial column lists the ka values associated with the resonance frequencies [19], followed by
columns 2, 3, and 4, which pinpoint the precise locations of each data point on the form function,
rigid background, and resonance spectrum, respectively. The next column sheds light on the phase
interference calculated based on cos(¢) [24], explained in Section 2. Furthermore, the resonance
width, extracted from the resonance spectrum through the determination of the FWHM of the
resonance peaks, is also recorded in Table 2, column 6. Each resonance frequency is represented
by a pair of integers [27], n and [, where n denotes the resonance mode number and [ signifies the
serial number of that mode, cataloged in column 7 of Table 2 [19]. Lastly, column 8 specifies the
interference type based on the mode-specific rigid background (not the total rigid background)
following Ref. [1] and the discussion in Section 2. The classification is determined using the
approach described by Flax et al [1], after identifying mode numbers (n, [), as shown in the table.

The examination of the data in Table 2 corroborates this assertion, particularly evident in the
resonance points at 5.52 and 8.64, where [ equals 2, which exhibit notably narrower widths than
other resonance modes. Furthermore, the comprehensive analysis detailed in Table 2 reveals that
the phase interference observed in the aluminum cylinder is inherently destructive, as highlighted
in column 5. At the same time, two pure resonances are distinctly identified in the last column, as
explained in Ref. [1].

After thoroughly exploring the characteristics and resonant behaviors of aluminum as a metallic
material, the focus now shifts to the analysis of a polymer material. The rest of this discussion aims
to shed light on the distinctive properties and resonance phenomena displayed by PLA material.
According to Ref. [23], the resonance frequencies of lightweight materials such as PLA are mostly
located at the maxima of the form function due to constructive interference. This hypothesis will
be examined in the subsequent discussion.

The methodology used for aluminum is employed to determine the resonance frequencies of a
PLA filament. Instead of the form function, the partial wave modes are utilized to identify the
(n, ) values for this polymer material. Figures 5 to 12 depict the partial wave graphs for each
individual mode ranging from n = 2 to n = 9. Each figure is divided into three subplots. Subplot
a illustrates the amplitudes of the partial wave, the rigid background, and the resonance spectrum.
Subplots b and ¢ showcase the phase and the derivative of the unwrapped phase of these
parameters, respectively. The potential resonance frequencies at each n value are labeled, and their
occurrences in different graphs are analyzed in Table 3.

In this analysis, the following methodology is used to identify the resonance frequencies for each
n value of the polymer filament:

1. Identification of maximum or minimum points:
o The maximum and minimum points in the partial wave amplitude are located.

o The positions of these points are determined within the resonance spectrum and on a rigid
background.

2. Determination of interference type and (n, 1) values:

o The (n, ) values are identified, and the methods described in Refs. [24] and [1] are applied
to determine the type of interference present.
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o Any points with ambiguous interference characteristics between their partial wave
resonance and the rigid background are excluded.

3. Checking for phase derivative peaks:

o The derivative of the unwrapped phase is crucial in acoustic resonance spectroscopy for
highlighting resonance peaks [29].

o This derivative indicates where the phase changes most rapidly, as resonance peaks often
cause sudden phase transitions, making them prominent in the derivative graph.

o By examining these peaks in the derivative graph, resonance frequencies can be identified
effectively.

4. Identification of potential resonance frequencies:

o Sharp peaks in the phase derivative graph, corresponding to extreme points in both the
partial-wave amplitude and the resonance spectrum, indicate potential resonance
frequencies.

o The phase derivative graphs (Figures 5 to 12-subplot c) clearly show these resonance points
as distinct peaks.

o Any other spikes in the derivative graphs that do not align with peaks or dips in the partial
wave amplitude and resonance spectrum are considered abrupt changes and are
disregarded.

5. Final determination of resonance frequencies:

o Points meeting the established criteria are classified as potential resonance frequencies for
the specific n value and are recorded in Table 3.

o Importantly, points that do not correspond to extreme points of the overall form function
(Figure 4) are excluded, even if they show maximum or minimum values in the partial
wave amplitude spectrum.

o The final resonance frequencies are then determined based on the points that satisfy these
criteria and are listed in Table 4.

This systematic approach ensures a focused analysis of the most relevant data, offering a precise
insight into the material's resonance properties.

Figure 4 displays the form function, rigid background, and resonance spectrum of the PLA
filament in subplot a, as well as the phase and phase derivative of the unwrapped phase of these
functions in subplots b and c, respectively.
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Fig. 4. Analytical graphs of the PLA filament; a) amplitude plots of the form function, rigid background, and
resonance spectrum; b) phase plots of the form function, rigid background, and resonance spectrum; c) derivative
of the unwrapped phase plots of the form function, rigid background, and resonance spectrum

In this analysis, the partial modes n = 2 to n = 9 are considered. Starting with n = 2, see Figure
5, the first resonance is observed at ka = 1.19 , aligning with maximum points in both the partial
wave amplitude and resonance spectrum. However, since this point does not correspond to an
extremum of the overall form function (Figure 4), it is not a true resonance, and therefore it is
disregarded in this analysis. Moving to ka = 3.29 in Figure 5, another maximum point emerges
in both the partial wave amplitude and resonance spectrum, accompanied by a sharp peak in the
phase derivative graph (Figure 5c), indicative of a potential resonance mode.
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Fig. 5. Analytical graphs of partial mode of the PLA filament for n = 2; a) amplitude plots of the form function,
rigid background, and resonance spectrum; b) phase plots of the form function, rigid background, and resonance
spectrum; c¢) derivative of the unwrapped phase plots of the form function, rigid background, and resonance
spectrum.
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For n = 3 as shown in Figure 6, one resonance is observed at ka = 4.43 , coinciding uniquely
with a minimum in the overall form function. The point at ka = 1.86 is omitted due to the absence
of a corresponding maximum or minimum in the form function.
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Fig. 6. Analytical graphs of partial mode of the PLA filament for n = 3; a) amplitude plots of the form function,
rigid background, and resonance spectrum; b) phase plots of the form function, rigid background, and resonance
spectrum; ¢) derivative of the unwrapped phase plots of the form function, rigid background, and resonance
spectrum.

Moving on to n = 4 in Figure 7, two rapid changes are observed at ka = 2.49 and ka = 5.44 .
However, ka = 5.44 is disregarded as a resonance frequency due to the absence of a

corresponding maximum or minimum in the form function.
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Fig. 7. Analytical graphs of partial mode of the PLA filament for n = 4; a) amplitude plots of the form function,
rigid background, and resonance spectrum; b) phase plots of the form function, rigid background, and resonance
spectrum; ¢) derivative of the unwrapped phase plots of the form function, rigid background, and resonance
spectrum.
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For n =5, as shown in Figure 8, a pronounced resonance peak appears at ka = 3.1 in both the
resonance and partial wave amplitudes, which is accompanied by a distinct peak in the phase
derivative graph.

Analytical Form Function

normalized
amplitude
o
(9]
T

o

o
IN)

phase
T

derivative
(unwrap(phase))
o
T

Fig. 8. Analytical graphs of partial mode of the PLA filament for n = 5; a) amplitude plots of the form function,
rigid background, and resonance spectrum; b) phase plots of the form function, rigid background, and resonance
spectrum; ¢) derivative of the unwrapped phase plots of the form function, rigid background, and resonance
spectrum.

For n = 6, as indicated in Figure. 9, resonance is notably observed at ka=3.72, showcasing an
alignment between the partial-wave amplitude and resonance characteristics, indicative of strong
resonance behavior. Conversely, the dip observed at ka = 4.6, as shown in Figure 9c, is
disregarded due to its ambiguous nature in the interference between the rigid background and
resonance spectrum and its absence in Figure 4a.
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Fig. 9. Analytical graphs of partial mode of the PLA filament for n = 6; a) amplitude plots of the form function,
rigid background, and resonance spectrum; b) phase plots of the form function, rigid background, and resonance
spectrum; c) derivative of the unwrapped phase plots of the form function, rigid background, and resonance
spectrum.
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For n = 7, as shown in Figure 10, resonance manifests at ka = 4.34 , marking another significant
resonance behavior.
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Fig. 10. Analytical graphs of partial mode of the PLA filament for n = 7; a) amplitude plots of the form function,
rigid background, and resonance spectrum; b) phase plots of the form function, rigid background, and resonance
spectrum; ¢) derivative of the unwrapped phase plots of the form function, rigid background, and resonance
spectrum.

Similarly, for n = 8, as per Figure 11, resonance singularly manifests at ka = 4.95 , highlighting

its significance in the material's resonance response.
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Fig. 11. Analytical graphs of partial mode of the PLA filament for n = 8; a) amplitude plots of the form function,
rigid background, and resonance spectrum; b) phase plots of the form function, rigid background, and resonance
spectrum; c) derivative of the unwrapped phase plots of the form function, rigid background, and resonance
spectrum.
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Lastly, for n = 9, as shown in Figure 12, resonance uniquely occurs at ka = 5.55 , emphasizing
another crucial resonance behavior.
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Fig. 12. Analytical graphs of partial mode of the PLA filament for n = 9; a) amplitude plots of the form
function, rigid background, and resonance spectrum; b) phase plots of the form function, rigid background, and
resonance spectrum; ¢) derivative of the unwrapped phase plots of the form function, rigid background, and
resonance spectrum.

The comprehensive analysis of resonance characteristics for n = 2 to n = 9 is summarized in
Table 3, detailing the key points of interest. The table indicates the precise location of points on
the partial wave amplitude, rigid background, and resonance spectrum for each n value. The
interference type, determined from the values of cos(¢), is also outlined in column 5 of Table 3.
Additionally, the corresponding values of (n, ) and resonance widths are specified in columns 6
and 7, respectively, providing further information regarding the observed resonance behavior.
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Table. 3. Characteristics of the extreme points of the partial modes of the analytical form function

of the PLA filament
Position Position on Position on
ka on fom rigid the Interference 1) Resqnance
function resonance type width
response spectrum

n=2

1.19 Maximum  Non.Peak Maximum  Constructive 2,1 0.28

328 Minimum  Non.Peak Minimum  Constructive (2,2) 0.09
n=3

1.86 Maximum Non.Peak Maximum Constructive 3.1) 0.27

4.43 Minimum  Non.Peak Minimum Constructive (3,2) 4.93
n=4

2.49  Maximum  Non.Peak Maximum  Constructive 4,1) 0.21

544  Minimum  Non.Peak Minimum  Destructive 4.2) 4.44
n=>5

3.1 Maximum  Non.Peak Maximum  Constructive 5,1) 0.15
n==6

3.72  Maximum  Non.Peak Maximum  Constructive (6,1) 0.11
n=717

434 Maximum  Non.Peak Maximum  Destructive (7,1) 0.08
n=238

495 Maximum  Non.Peak Maximum  Destructive 8,1 0.05
n=9

5.55 Maximum Non.Peak Maximum  Constructive 9,1) 0.04

Following the analysis of partial modes, the maxima and minima of the form function can be
extracted, and their positions in the rigid background graph and resonance spectrum, as well as
their phase interference, can be examined. The results of this examination are compiled in Table
4, which is prepared in a manner entirely like that described for Table 2 earlier.
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Table 4. Description of the extreme points of the analytical form function of the PLA cylinder

.. .. Position on
Position Position on the Interference Resonance
ka on form rigid width (n, D [19] Interference [1]

function response resonance type (FWHM)
spectrum

Pure
2.46 Max. Non.Peak Max. Constructive 0.41 4,1) Resonance —
Type A

Pure
3.11 Max. Non.Peak Max. Constructive 1.62 (5,1) Resonance —
Type A

Pure
3.73 Max. Non-Peak Min. Destructive 4.1 (6,1) Resonance —
Type A

Pure
4.34 Max. Non.Peak Max. Constructive 0.62 (7,1) Resonance —
Type A

Pure
4.95 Max. Non.Peak Max. Constructive 0.47 (8,1) Resonance —
Type A

Pure
5.56 Max. Non.Peak Max. Constructive 0.04 O,1) Resonance —
Type A

Pure
3.29 Min. Non.Peak Min. Constructive 0.07 2,2) Resonance —
Type A

Pure
4.39 Min. Maximum Min. Constructive 2.28 (3,2) Resonance —
Type A

In Table 4, the points identified by analysis of the partial wave amplitude graphs and the form
function largely align with maximum points of the form function, except for two points, i.e., ka =
3.29 and ka = 4.39. These two points pertain to whispering gallery modes (2,2) and (3,2). Despite
demonstrating constructive interference, these modes appear as distinct minima. This intriguing
phenomenon suggests a nuanced relationship between the geometric symmetry of the cylindrical
targets and the resulting interference patterns. Whispering gallery modes are known for their
symmetry and their tendency to exhibit constructive interference. The unexpected appearance of
these modes as minima could imply subtle yet critical influences of mode orientation or
asymmetries within the cylindrical geometry. Moreover, the fact that these points represent
minima in both the form function and the resonance spectrum itself suggests a unique mechanism
driving constructive interference under specific conditions. Further exploration is warranted to
elucidate the mechanisms underlying this inversion of expected interference patterns. Investigating
how geometric symmetries, such as mode shape and orientation, interact with incident acoustic
waves could provide deeper insights into the complex wave dynamics within cylindrical structures.
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Moreover, the phase interference at these points suggests that constructive interference has been
observed in many cases, except for one instance at point (ka = 3.73). This point aligns with the
maximum of the form function while coinciding with a minimum on the resonance spectrum. In
addition, the final column relies on the resonance category as outlined in [1], which may be
interpreted as pure resonance rather than as constructive interference.

In the Flax et al. model, Type A resonance corresponds to pure resonance, in which scattered
waves combine in phase to produce a sharp peak. While pure resonance is often linked to
constructive interference, it is important to note that this does not necessarily imply the typical
constructive interference that results in increased signal amplitude. Interestingly, in aluminum, the
majority of resonances identified using the cos(¢) method exhibit destructive interference.
However, two specific points, classified as Type A (pure resonance) in the Flax et al. model, still
show destructive interference due to the material's scattering properties, despite their Type A
classification. Similarly, for PLA at ka = 3.73, the resonance is classified as Type A (pure
resonance) according to the Flax et al. model, which would typically suggest constructive
interference. Nonetheless, the cos(¢) method predicts destructive interference at this point,
highlighting a discrepancy due to the unique scattering characteristics of PLA. In summary, while
both aluminum and PLA exhibit Type A (Pure Resonance), their interference behavior differs.
Aluminum shows overall destructive interference, while PLA at ka = 3.73 demonstrates
destructive interference, despite being classified as Type A in the Flax et al. model.

B. Experimental results

An aluminum rod and a PLA filament were prepared according to the specifications in Table 1.
Figure 13 shows the backscattered signal from the samples at normal incidence, with a time offset
applied; the actual time is obtained by adding a fixed offset value.

Time [psec]

Voltage

1 I L I
0 5 10 15 20 25 30 35
Time [ usec]

Fig. 13. Backscattered signals; a) aluminum, b) PLA
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To extract the experimental form functions and eliminate the effects of the measurement system,
the approach proposed by Sodagar et al. [26] is used. After deconvolution, the FFT is applied to
this signal. The experimental form function for the aluminum sample is shown in Figure 14.
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Fig. 14. Experimental graphs for the aluminum cylinder: a) amplitude plots of the form function, rigid background,
and resonance spectrum; b) phase plots of the form function, rigid background, and resonance spectrum;
¢) derivative of the unwrapped phase plots of the form function, rigid background, and resonance spectrum.

Figure 14 and its subplots mirror the process used for plotting Figure 3. The data in Table 5 are
directly derived from Figure 14 and align precisely with the information in Table 2.

The minima of the form function (potential resonances) are listed in Table 5. The range of ka

values on the horizontal axis in Figure 14 is chosen based on the bandwidth of the 1-megahertz
probe (500 kHz to 1.5 MHz) used in the experimental measurements.

This approach allows for a practical application of the theoretical insights into resonance

phenomena, adapting the methodology to the specific constraints and capabilities of the
experimental setup.

Similar to the observations in the analytical graphs (Section 4-A), the experimental study also
shows that the minima of the form function correspond to the maxima of the resonance graph, and
the interferences at these points are all destructive. Additionally, ka = 5.52 and ka =8.64, which

had very narrow resonance widths (approximately 0.05) in the analytical graphs, are not observed
in the experimental outputs due to resolution constraints.
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Table. 5. Description of the extreme points of the experimental form function of the aluminum

cylinder
Position .. Position on
Position on
on form L the Interference Resonance
ka . rigid . n,D
function resonance type width
response
spectrum
4.51 Min. Non.Peak Max. Destructive 1.14 2,1
5.39 Min. Non.Peak Max. Destructive 5.7 -
5.86 Min. Non.Peak Max. Destructive 5.7 -
7.05 Min. Non.Peak Max. Destructive 1.60 (3,1)
8.19 Min. Max. Max. Destructive 4.46 -
9.22 Min. Non.Peak Max. Destructive 5.7 4,1)

To facilitate the comparison between the analytical and experimental form functions, the analytical
form function is plotted with a dashed line in Figure 14. This not only demonstrates a very good
match between them but also highlights the cross-marked points representing the analytical
resonance points.

The procedure conducted for the aluminum cylinder is also followed for the PLA filament to
provide the experimental form function as displayed in Figure 15. Similarly, for the new material,
the range of ka values in Figure 15 was selected based on the probe's bandwidth.
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Fig. 15. Experimental graphs of the PLA filament; a) amplitude plots of the form function, rigid background, and
resonance spectrum; b) phase plots of the form function, rigid background, and resonance spectrum; c) derivative
of the unwrapped phase plots of the form function, rigid background, and resonance spectrum.
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The ka values corresponding to the minima and maxima of the form function in Figure 15 are
listed in Table 6.

Table. 6. Description of the extreme points of the experimental form function of the PLA

filament
.. .. Position on nD
Position Position on the Interference  Resonance
ka on form rigid resonance type width based.on
function response yp analytical
spectrum function
2.46 Max. Non.Peak Max. Constructive 1.319 4.1
3.10 Max. Non.Peak Max. Constructive 1.28 (5.1
4.92 Max. Non.Peak Min Destructive 3.648 (8.1)
3.65 Min. Non.Peak Max Destructive 1.14 (6,1
4.35 Min. Non.Peak Min Constructive 1.231 (7,1)

As explained in Section 2, the experimental results also show that the maxima of the form function
correspond to the polymer sample's resonance frequencies, with most points also being maxima in
the resonance function, except for two cases. The resonances correspond to ka = 3.29 and ka =
5.56, which are very sharp in the analytical form function, and are not detected in the experimental
form function. Additionally, some phase interferences in the experimental results are destructive,
unlike the analytical results. These discrepancies between theoretical predictions and experimental
measurements in this study stem from several factors inherent to the materials and experimental
methods employed. Firstly, limitations in the resolution of the experimental setup can obscure the
detection of sharp resonance points predicted theoretically, particularly in materials like PLA with
high damping, where resonance peaks are less pronounced. Secondly, variability in the PLA
material, influenced by manufacturing conditions and impurities, introduces deviations between
predicted and measured resonance frequencies. This variability significantly affects acoustic wave
propagation and interactions within PLA, complicating precise alignment with theoretical
expectations during experimental testing. Lastly, the inherent damping characteristics of PLA
broaden resonance peaks compared to metals such as aluminum, making them less distinct and
challenging to detect precisely in experiments. These challenges underscore the complexities in
translating theoretical insights into experimental outcomes, emphasizing the need for meticulous
experimental design and analysis to enhance the reliability and accuracy of acoustic wave
scattering studies in additive manufacturing and materials science applications.

Beyond these factors, additional sources of discrepancy may include acoustic boundary effects
introduced by the experimental setup. Factors such as transducer positioning, alignment precision,
and acoustic coupling with the surrounding medium can lead to deviations from idealized
theoretical predictions. Small misalignments or imperfections in coupling may cause variations in
observed resonance frequencies and amplitudes. Moreover, theoretical calculations assume an
idealized infinite frequency resolution, whereas experimental measurements rely on discrete
sampling and signal processing techniques such as windowing and filtering. These processing
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steps may affect the detection and resolution of certain resonance peaks, particularly those with
narrow bandwidths.

Another important aspect is wave-mode conversions and scattering artifacts. In real experimental
conditions, interactions between different acoustic wave modes can lead to mode conversions that
are not fully captured in analytical models. This effect is more pronounced in materials like PLA,
where complex viscoelastic properties influence wave propagation. Additionally, unintended
scattering from structural components of the experimental setup, such as holders or fixtures, may
contribute to background noise and minor deviations in the measured form function.

Finite sample length effects can also influence the observed resonance behavior, as real samples
are not truly infinite. While the theoretical model assumes an infinitely long cylinder, experimental
samples are finite in length, which may introduce additional diffraction effects not accounted for
in the theoretical predictions. Despite these factors, the experimental results still show a strong
correlation with theoretical expectations, reinforcing the validity of the analysis.

The absence of certain sharp points in the experimental form function, which are present in the
analytical function, suggests that real-world conditions or limitations of the experimental setup
might affect the observation of these resonances. This discrepancy could also be linked to
resonance widths: the broader resonance peaks in the experimental data might result from
limitations in resolution or the system's damping, rather than the idealized sharp peaks in the
analytical model.

The discrepancy in phase interference between the analytical and experimental results underscores
the importance of considering practical factors in resonance analysis, such as the characteristics of
the signal processing or measurement system used. Understanding these differences is crucial for
accurately interpreting the material's behavior and can provide insights into refining experimental
techniques or theoretical models to better align with actual material properties.

Unlike earlier work [29], which focused solely on modulus extraction via phase-derivative
analysis, this study emphasizes resonance classification and interference behavior in both metallic
and polymeric cylinders within a broader theoretical and experimental framework.

Table 7 compares the theoretical and experimental ka values, highlighting the discrepancies and
the corresponding error margins observed in the measurements. It is important to note that the
strict far-field criterion was not fully met in the experimental setup, and instead, a less restrictive
quasi-far-field condition was applied. While this approximation is commonly used in similar
acoustic studies, it can introduce spatial non-uniformities in the pressure field, which may affect
the measured form function. Specifically, operating in the quasi-far-field or near-field regions can
lead to slight shifts in peak locations and minor changes in amplitude, potentially contributing to
the discrepancies between the experimental and theoretical results. These deviations from the ideal
plane-wave model could explain some of the observed variations in the experimental data,
especially in peak locations and the form function shape. Thus, the quasi-far-field condition should
be considered as a possible source of error in the measurements.
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Table. 7. Comparison between theoretical and experimental ka values of the aluminum cylinder

and PLA filament
Aluminum cylinder PLA filament
Experimental ~ Theoretical Error % Experimental Theoretical Error %
ka ka ka ka

- - - 2.46 2.46 0.00%
- - - 3.10 3.11 -0.32%
451 4.47 0.89% 3.65 3.73 -2.19%

5.39 5.52 -2.41% - 4.34 -
5.86 - - 4.92 4.95 -0.61%

7.05 7.04 0.14% - 5.56 -

8.19 8.64 -5.49% - 3.29 -
9.22 9.21 0.11% 4.35 4.39 -0.92%

Notably, the primary sources of uncertainty in this study include alignment errors, material
property variations, and temperature fluctuations, all of which can impact resonance
measurements. Instrumental precision also contributes to uncertainty in the calculated ka values.
The percentage error between experimental results and model predictions is provided in Table 7,
quantifying the extent of these uncertainties.

5. Conclusion

This investigation significantly advances the comprehension of the scattering characteristics and
resonance frequencies observed in polymeric filament samples. Noteworthy is the revelation that,
under the specific conditions of this study, resonance frequencies within a metallic cylinder
(aluminum) predominantly correspond to the minima of the form function. In contrast, within a
PLA, they mostly align with the maxima. Such insights deepen the understanding of resonance
phenomena during the scattering of acoustic waves across different materials, revealing a
contrasting nature of interference: destructive in aluminum, where resonance frequencies typically
coincide with the form function minima, and constructive in PLA, where resonance frequencies
align with the form function maxima. This observation underscores that the nature of resonance at
these points is due to interference patterns.

Furthermore, it is important to note that the observation of very sharp resonances, due to damping
and experimental limitations, has been elusive. These points of resonance typically exhibit very
narrow bandwidths.

These findings lay a foundation for further investigations, inviting refinement of theoretical models
and experimental techniques to capture the intricacies of material behaviors. Such advancements
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hold promise for various applications, including material characterizations, across a spectrum of
fields, particularly in additive manufacturing.

To strengthen the depth and breadth of the current study, several additional analyses are proposed.
Broadening the scope to include larger-diameter cylinders would enable exploration across a wider
range of ka values, thereby bolstering the reliability of the current findings. Furthermore,
investigating the scattered fields from obliquely incident waves would enable identification of the
anisotropic properties of cylindrical polymeric filaments.

Regarding model limitations, the acoustic scattering model used in this study is purely elastic,
which does not apply to PLA due to its viscoelastic nature and significant internal acoustic
damping. The primary objective of this paper, however, is to extract the baseline elastic properties
(longitudinal and shear wave velocities) from measured resonance frequencies (ka), which is
successfully achieved using the elastic model. However, high viscoelastic damping in PLA is a
major limitation, as it affects the amplitude and width of the peaks and, to a very small degree,
their exact center frequencies. This damping is considered one of the reasons for the discrepancies
observed in the PLA cylinder results. It causes significant peak broadening, reducing the quality
factor Q and rendering several sharp, high-Q analytical resonances undetectable within the
experimental noise floor, especially at higher ka values. Although a complete viscoelastic analysis
is desirable, it requires frequency-dependent material data beyond the scope of the current study.
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