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Abstract

The principal aim of the research reported in this thesis was to investigate the influence of

additive manufacturing on the acoustic performance of 3D printed periodic materials. First,

a benchmark material design was manufactured using three different 3D printing technolo-

gies. The quality of produced samples was inspected using several non-destructive testing

techniques. Realistic computational geometries of samples produced via extrusion-based ad-

ditive manufacturing were created based on surface profiles obtained with confocal microscopy.

This data was then used to update an existing numerical model, which initially assumed a

smooth surface finish of the benchmark unit cell. The rough computational geometries were

proposed as an enhanced unit cell design and produced using photopolymerisation-based ad-

ditive manufacturing technology in the next step. Finally, a new 3D printed acoustic-material

solution was also designed based on the benchmark unit cell. This acoustic material solution

was produced via extrusion-based additive manufacturing and inserted into the interior of a

commercial building acoustics silencer for performance enhancements.

The presently-reported research confirmed that additive manufacturing has an acoustic

impact (increase of magnitude of absorption, operating frequency shift) on the performance of

designed material due to the distortion of idealised, smooth computational geometry caused by

layer-by-layer fabrication and additional 3D printing defects. Surface roughness resulting from

the staircase effect is partially responsible for the mismatch between numerical predictions and

experimental results. It can be used for acoustic gains by enhancing the smooth, benchmark

design with additional artificial roughness applied to its surfaces. This thesis has also shown

that acoustic materials can be designed for target frequencies of interest to enhance the

broadband behaviour of foam liners and improve the acoustic performance of the off-shelf

components.
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1.1. CONTEXT AND RESEARCH MOTIVATION

1.1 Context and research motivation

Public awareness of noise and its associated health risks has improved over the last few

years. According to the Directive 2002/49/EC of the European Parliament and of the Council

relating to the assessment and management of environmental noise, all member states of the

European Union (EU) are obliged to compose strategic noise maps, develop noise action plans

and inform the public about the present situation [1]. From 2007 onwards, noise maps shall be

prepared for all significant agglomerations, roads, railways and airports within the territory

of a given country.

Figure 1.1: Percentage of European countries with a limit value of aircraft, road and rail
traffic noise lower than or equal to x-axis value (reproduced from [2])

Each member state establishes for itself the maximum level of environmental noise to

which its citizens may be exposed. The national limits primarily target industrial and trans-

portation sources, such as road, rail and air traffic. In most cases, however, they do not reflect

the values recommended by the World Health Organisation (WHO) published in their report

‘Environmental Noise Guidelines for the European Region’ in 2020, as illustrated in Fig-

ure 1.1 [2]. For example, in the case of aircraft noise, none of the EU members meets the

WHO requirements. Regarding road and rail traffic, only about 5 % of member states comply

with the WHO recommendations.

For this reason, noise pollution remains a critical issue to tackle in the near future. Stan-

dard acoustic solutions to reduce excessive noise include: decreasing its level at the source or

the receiver’s position. This is traditionally achieved by applying acoustic treatments in the

form of conventional acoustic materials capable of absorbing sound waves. However, these

materials have several disadvantages, such as being effective only in the higher-frequency

range and the fact that these are often bulky. As the wavelength is inversely proportional

to frequency, absorbers designed for low-frequency sounds require much space to be effective.
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Porous materials absorb sound waves well when their thickness is at least a quarter of a wave-

length or when placed at a distance of about a quarter of a wavelength from the wall. For

instance, the quarter wavelength of a 63 Hz wave in the free air is around 1.4 m. On the

other hand, the speed of sound in air-saturated porous materials is lower than in air, which

means that at a given frequency, the corresponding wavelength is also shorter. Moreover, at

low frequencies, the speed of sound in porous media is usually much less than 343 m/s, so,

for example, a quarter wavelength at 63 Hz in a porous medium is much shorter than 1.4 m.

The development of alternative acoustic solutions has mostly been industry-driven. In-

deed, the EU is the world’s second-largest consumer market, and it is in manufacturers’

interest to comply with the binding standards and regulations. Above all, the aviation in-

dustry could benefit from introducing novel acoustic materials. Considering the rapid growth

of air traffic and its negative environmental impact, authorities have introduced penalties for

airlines operating non-compliant machines [3]. Such sanctions and potential future taxes are

supposed to encourage companies to invest in new technologies.

Several factors must be considered for the commercial success of alternative acoustic treat-

ments addressing aviation noise, including that the material weight must be reduced to a

minimum so that the fuel efficiency and aeroplane performance are not significantly affected.

Currently, commonly used solutions include acoustic liners with a resonant honeycomb struc-

ture, which are incorporated into the inner walls of the nacelle of a jet engine. Although

classical liners can achieve quite a good absorption around a specific ‘noisy’ frequency, it

makes research sense to explore the potential benefits of novel materials. This is because

modern aircraft engines can lead to a reduction in the emitted noise but, at the same time,

widen its frequency band, which would require the development of new noise-absorbing nacelle

liners.

Acoustic comfort is another driving force behind the development of novel noise-reduction

technologies, as it undoubtedly plays a significant role in consumer behaviour regarding pur-

chase decisions. This is, for example, crucial in the automotive industry. Indeed, the passenger

cabin of an automobile behaves like a resonance chamber. Automobile manufacturers employ

sound absorption elements to reduce the noise level of their vehicles. However, these materials

require additional space and weight, which can result in reduced: fuel efficiency, mileage, tires

and trackpads lifetime and vehicle acceleration [4]. Ergo, as was asserted above, investigating

novel materials makes sense.
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The aeronautic and automotive industries are just two examples of potential sectors that

would be interested in the development of novel acoustic materials. These should overcome

two major limitations of conventional materials: size, weight and ability to operate in the

entire frequency spectrum, or at least at frequencies lower than those typical for conventional

acoustic materials.

Improved material properties would also be useful for architectural acoustics. Efficient,

accessible, durable, low-cost, low-tech materials would find many applications across private

homes, industrial sites and offices. These acoustic solutions would be beneficial in minimising

the negative effects of noise exposure in terms of human health, acoustical comfort, commu-

nication and speech privacy, which affect our personal and professional lives.

For instance, the heating, ventilation, and air conditioning (HVAC) systems commonly

present in workplaces and private homes are significant sources and transmitters of noise,

leading to disturbances and annoyance. A combination of different processes causes the HVAC

noise. The primary sources contributing to the overall noise levels differ over the frequency

range.

The fan and pump noise dominates the lower-frequency range (125 Hz - 500 Hz octave

bands). The medium-frequency (250 - 1000 Hz octave bands) noise is airflow or turbulence-

generated and is caused predominantly by variable-air-volume (VAV) units. Finally, dampers,

diffusers and grilles are the primary noise sources in the higher-frequency range (1000 Hz -

4000 Hz octave bands) [5, 6].

Acoustic treatments are often applied to noise sources to decrease noise levels, improve

speech communication, and meet environmental noise criteria. Among them, acoustic silencers

are commonly used in industrial settings to reduce noise from machines and fluid-flow systems.

Unlike acoustic enclosures, their primary objective is to reduce the transmission of acoustic

energy without obstructing the airflow [7]. The silencer’s open area, the silencer’s length, and

the air’s velocity determine the silencer’s acoustic and aerodynamic performance [6].

Among different acoustic silencers, absorptive silencers are especially popular in building

acoustics. They are designed as waveguides lined with layers of fibrous or porous materials.

However, as mentioned previously, these conventional absorptive materials, if not bulky, are

less effective in the lower-frequency range. For that reason, acoustic silencers perform better

at higher frequencies.
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The need for improvements in the field of acoustic materials has recently evoked a lot of

interest in metamaterials. Metamaterials are defined as a new class of composite materials

whose properties exceed the boundaries of conventional materials and are not traditionally

encountered in nature [8]. The chemical composition of the material used for their production

influences their behaviour to a relatively minor extent [9]. Their unusual properties result

primarily from the design of individual unit cells that make up the lattice structure. The

main advantage of metamaterials over conventional solutions lies in their tunability.

The benchmark material analysed in the thesis is presented in Section 1.2, and the ex-

perimental methods used to evaluate its acoustic performance, in terms of normal incidence

absorption and transmission loss, are outlined in Section 1.3. The information on 3D printers

used for additive manufacturing is given in Section 1.4.

In the context of this study, while the benchmark geometry may not necessarily be clas-

sified as a metamaterial from a technical standpoint, its purpose is to explore the impact of

3D printing on acoustic characteristics. This investigation aims to pave the way for future

material and metamaterial concepts suitable for additive manufacturing. More background

information related to this thesis is provided in Chapter 2 and Chapter 3. In particular,

acoustic materials and metamaterials are discussed in Chapter 2.

Scientific interest in the area of metamaterials requires accompanying advancements in

production engineering. Notably, additive manufacturing, commonly referred to as 3D print-

ing, in which objects are formed layer-by-layer, has been focused on. Essential information

on 3D printing is summarised in Chapter 3.

What distinguishes additive manufacturing from traditional production methods is its abil-

ity to fabricate individually customised and highly complex functional parts [10]. However,

several obstacles slow down its further growth. The most crucial ones include the follow-

ing: the insufficient quality of finished parts (in terms of both geometric inaccuracies and

the presence of defects), the lack of certification standards and protocols, the need for the

development of real-time process monitoring techniques and the limited knowledge of the raw

materials [11]. More details regarding 3D printing defects is provided in Section 3.2.

A better understanding of the additive manufacturing process must first be established

for it to become a reliable tool for metamaterial production. Currently, 3D printing has an

immense influence on the acoustic performance of fabricated parts (this will be discussed later

in Section 3.3).
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Once all the issues occurring during prototyping are eliminated, and the final design has

been refined, the whole process must be transferred into an industrial setting. Commercial-

izing metamaterials and adjusting the additive manufacturing process for mass production

emerge as the next challenge and a growth opportunity for the research community. This,

however, lies outside of this work’s scope. In fact, large-scale manufacturability can be a real

concern here since, as for now, 3D printing is more suitable for prototyping, and it should

rather be replaced by faster and cheaper technologies suitable for mass production of large-

area materials.

1.2 Benchmark geometry

Although the first acoustic metamaterials were proposed over 20 years ago, to this day, they

remain mainly a matter of scientific curiosity. They have yet to progress towards being com-

mercialized at an industrial scale. The working principles behind some metamaterial designs

need to consider real-world operating conditions and realistic performance for industrial ap-

plications. The major issues hindering the practical development of acoustic metamaterials

include their small-scale features, mechanical properties and large-scale manufacturability [12].

Industrially relevant design tools are required to unlock the potential of metamaterials,

and developing these tools requires benchmark problems. Therefore, the first part of this

thesis takes the form of a case study of a periodic porous acoustic material that was pro-

duced using three different additive manufacturing technologies: Fused Deposition Modelling

(FDM), Masked Stereolithography (MSLA) and Selective Laser Melting (SLM). In the second

part, we consider using a geometry similar to the DENORMS geometry to improve a resistive

muffler designed for air conditioning systems by adding a reactive component.

1.2.1 DENORMS cell

The benchmark material examined in this study was proposed as a part of the European

COST action DENORMS (Designs for Noise Reducing Materials and Structures). The design

comprises periodically arranged unit cells. The resulting material array forms an open pore

network, acting as a chain of resonators with multiple degrees of freedom.

From the point of view of effective elastic properties, i.e. the fourth-order elasticity tensor,

this cell has a cubic anisotropy characterized by three elastic material constants depending on

the isotropic properties of the material of the skeleton, but when considering the viscous flow
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through the pore network, i.e. the second order permeability tensor, the cell can be treated

as an isotropic permeable material. It consists of an internal spherical cavity connected to

neighbouring cells by cylindrical openings on each face. Incorporating spheres into the tube

resonator results in a frequency shift, causing the peak frequency to move towards lower

frequencies, which will be discussed later in Appendix E.

Figure 1.2: DENORMS cell geometry

The geometrical simplicity makes this design easy to manufacture and perform numerical

modelling. The present work is a continuation of the DENORMS project [13–16]. In partic-

ular, the numerical modelling of sound absorption upon normal incidence used in the present

study is based on the work of Flanagan [15].

The considered geometrical design depends on a couple of tunable dimensional parameters

that can be easily altered to adjust the acoustic behaviour of the material. The analytical

models presented in Appendix E can be used to find dimensions for the optimum absorption,

as per Appendix E.1.1. However, in the first part of this study, the DENORMS cell is a cube

with an edge length of 5 mm containing a spherical cavity of a 2.25 mm radius and connected

by six cylinders with a diameter of 2 mm, as illustrated in Figure 1.2. Different geometrical

parameters will be used in Chapter 7, which will be discussed thoroughly in Section 7.2.1.

It should be noted, however, that due to the additive manufacturing process, the actually

obtained sample of the DENORMS geometry differs to a certain extent from the Computer-

Aided Design (CAD). The occurring 3D printing inaccuracies are not uniform among different

additive manufacturing technologies and impact the acoustic performance of the 3D printed

lattices, which will be discussed in more detail in Section 3.3.
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1.3. ACOUSTIC MEASUREMENTS

1.3 Acoustic measurements

1.3.1 Basic acoustic concepts

Before introducing the acoustic experimental techniques used in this work, a summary of the

basic acoustics used for these measurements will be provided. The focus of the present work is

on wave propagation in ducts at low frequencies, such that in first approximation, the acoustic

field can be described by plane waves [17, 18].

We assume small perturbations of a stagnant uniform fluid of density ρ0 and speed of

sound c0. In a duct of uniform cross-section harmonic acoustic perturbations p′(x, t) at a

given frequency f are given by:

p′(x, t) = Re[p(ω, x)e(iωt)] = Re[p+ei(ωt−kx) + p−ei(ωt+kx)] (1.1)

where ω = 2πf is the angular frequency, f is the frequency of the wave with the complex

amplitude p, p+ is the amplitude of the pressure wave propagating along the duct in the

positive x-direction, p− is the amplitude of the wave propagating in the opposite direction,

and k is the wave number.

In the applications considered, the viscous dissipation is limited to a thin boundary layer

(Stokes layer) on the wall. As the duct considered is much wider than the Stokes layer, the

wave number is given by:

k =
ω

c0

(
1 +

1

4
(1− i)

Lp

S
δv

(
1 +

(γ − 1)√
Pr

))
(1.2)

where Lp is the perimeter of the duct cross-section, S is the surface area of the duct cross-

section, δv =
√

2ν
ω is the Stokes-layer thickness, ν is the kinematic viscosity, γ is the adiabatic

index (i.e. heat capacity ratio) and Pr the Prandtl number for air [17, 18]. In Appendix A,

the values used for the properties of air in this thesis are specified.

The order of magnitude of the Stokes layer thickness is δv ∼ 10−4 m for 0.2 kHz ≤ f ≤

3 kHz (the experimental conditions considered). When considering non-uniform duct cross-

sections (actual DENORMS pore geometry), a numerical model will be used to predict the

acoustic properties.

The energy flux along the duct I+ at x = 0 associated with the p+ wave is in first order

approximation:

I+ =
|p+|2

ρ0c0
(1.3)
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1.3. ACOUSTIC MEASUREMENTS

The energy flux I− in the opposite direction is:

I− =
|p−|2

ρ0c0
(1.4)

Considering wave reflection of an incoming p+ wave at the plane x = 0, in a duct of

uniform cross-section, we define the reflection coefficient R as:

R =
p−

p+
(1.5)

It is assumed that the positive x-direction is towards the plane (wall) at x = 0. The

absorption coefficient α of the wall is defined as the fraction of non-reflected energy flux:

α = 1− I−

I+
= 1−

∣∣∣∣p−p+
∣∣∣∣2 = 1− |R|2 (1.6)

In practice, the wave amplitudes are determined by using the two-microphone transfer

function method [19]. The schematic of the two-microphone impedance tube is illustrated in

Figure 1.3.

Figure 1.3: Two-microphone impedance tube schematic

For a set of two calibrated microphones placed at positions x1 and x2, the amplitudes of

the pressures p1 and p2 can be related to the wave amplitudes p+ and p− at x = 0 by using

the d’Alembert wave equation 1.1 for harmonic waves (neglecting friction losses):

p1(ω) = p(ω, x1) = p+e−ikx1 + p−eikx1 (1.7)

and:

p2(ω) = p(ω, x2) = p+e−ikx2 + p−e+ikx2 (1.8)

This is a set of two equations from which p+, p− and R can be determined for a sample

of absorbing material whose front face is at x = 0, and the back face is set on a hard wall,

9



1.3. ACOUSTIC MEASUREMENTS

see Figure 1.3. Often the complex transfer function H12 = p2
p1

is determined experimentally.

In terms of this transfer function, the reflection coefficient is given by:

R =
p−

p+
=

e−ik(x2−x1) −H12

H12 − eik(x2−x1)
e−2ikx1 (1.9)

This is the so-called two-microphone method [19].

When considering a muffler placed along a tube, we define the pressure transmission

coefficient T as the ratio:

T =
p+t
p+i

(1.10)

where p+i is the amplitude of the acoustic wave entering the muffler (incident) and p+t is that

of the pressure wave leaving the muffler (transmitted).

The amplitudes p+i and p+t are, in practice, determined by applying the two-microphone

method on each side of the muffler. The corresponding power transmission loss TL is defined

as:

TL = −10 log10
Wt

Wi
(1.11)

where Wi is the flux of acoustic energy entering the muffler (incident power) and Wt is the

energy flux leaving the muffler (transmitted power).

In terms of the ratio T of the acoustic pressure amplitudes, this is:

TL = −10 log10

(
Sout

Sin
|T |2

)
(1.12)

where Sin is the cross-sectional area of the duct at the muffler inlet and Sout is that of the

duct at the muffler outlet.

1.3.2 Normal incidence absorption

In this thesis, measurements of sound absorption coefficient under the normal incidence setup

were performed using the two-microphone method according to ISO 10534-2 [19]. In this test,

the sample is placed at one end of an impedance tube opposite to the loudspeaker at the

other end. The loudspeaker generates an incoming pressure wave, and microphones measure

sound pressures at two locations near the sample. The impedance is calculated based on
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1.3. ACOUSTIC MEASUREMENTS

the complex acoustic transfer function H12 of the two microphone signals, allowing then to

compute R and α.

A custom test rig was used for the acoustic measurements, as shown in Figure 1.4 and

previously reported in [13, 20, 21]. The impedance tube has a circular cross-section with

an internal diameter of 40 mm and operates within the frequency range of 300 Hz to 5000

Hz. Analysed samples were precisely fitted into a sample holder and backed by a hard,

reflective termination. A BMS 4591 loudspeaker connected through an amplifier to a National

Instruments DAQ was mounted at the other end of the tube. The test signal used during

measurements was chosen as a band-limited (250 - 5500 Hz) white noise at 90 dB.

Figure 1.4: Experimental set-up (normal incidence absorption)

Two GRAS 40PL array microphones, which have a uniform frequency response within ±1

dB in the range of 50 Hz - 5 kHz and a dynamic range topping at around 150 dB, connected

to the National Instruments DAQ, were used to record the test signal using a MATLAB

interface. The microphones were first calibrated using the switching method described in the

ISO standard [19]. In this work, the resulting spectral resolution was approximately 5 Hz,

with the usage of the sample rate of 40 kHz and measurement duration of 240 s. A Hanning

window with a 50 % overlap was used to compute the cross-power spectral density.

Each of the individual measurements of every sample investigated in this thesis was re-

peated three times, with the complete disassembly and reassembly of the sample holder, to

account for repeatability in the testing procedure.
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1.3. ACOUSTIC MEASUREMENTS

1.3.3 Transmision loss

In this thesis, the transmission loss was measured using an impedance tube in a normal

incidence setup according to ASTM E2611 [22]. In this test, a sample (in this case, an

acoustic silencer) is placed between two tube sections. The loudspeaker located at one end

of the tube generates an incoming pressure wave. Two sets of calibrated microphone pairs,

placed at two locations on each side of the sample, measure the sound pressure amplitudes

p+i and p−t , allowing then to compute the transmission loss.

Figure 1.5: Experimental set-up (transmission loss) used in Chapter 7

The custom rig, shown in Figure 1.5, with a 12.7 cm internal diameter, was used for these

tests. On the left-hand side of Figure 1.5, inside the wooden enclosure, there was the BMS

4591 speaker, which was driven by the output signal of a National Instruments DAQ amplified

by a power amplifier. The test signal used during measurements was chosen as a band-limited

(20 - 1500 Hz) white noise at 90 dB.

Four GRAS 40PL array microphones were chosen to instrument the rig as they have

a frequency response (± 1 dB) in the region of 50 Hz - 5 kHz and an upper limit of the

dynamic range of 135 dB re 20 µPa allowing for testing up to high-pressure amplitudes.

The microphones were first calibrated using the switching method described in the ASTM

standard [22]. The microphones were connected to the National Instruments DAQ, and the

signals were recorded using a MATLAB interface. Similar to absorption measurements, the

resulting spectral resolution was approximately 5 Hz, with the usage of the sample rate of 40
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kHz and measurement duration of 240 s. A Hanning window with a 50 % overlap was used

to compute the cross-power spectral density.

1.4 Additive manufacturing

In this thesis, the analysed samples were produced using different additive manufacturing

technologies and different 3D printers, some of which are displayed in Figure 1.6.

The samples suitable for sound absorption tests were manufactured using all three ma-

chines: FDM-based Original Prusa MINI+ (Figure 1.6a), MSLA-based ELEGOO Mars 3 Pro

(Figure 1.6b) and SLM-based Systems Prox DMP 200 (Figure 1.6c). The samples suitable

for transmission loss tests were only produced using the FDM technology.

(a) Original Prusa MINI+ (b) ELEGOO Mars 3 Pro (c) Systems Prox DMP 200 [23]

Figure 1.6: 3D printers used to produce samples in this thesis

The technical specifications of 3D printers, as per manufacturers’ data sheets, are sum-

marised in Table 1.1. MSLA excels in achieving the smallest (finest) z-axis resolution values

among considered technologies.

Machine Original Prusa MINI+ ELEGOO Mars 3 Pro Systems Prox DMP 200

Technology FDM MSLA SLM
Materials Polymers Photopolymers Metals

Layer height 0.05-0.25 mm 0.01-0.2 mm 0.03-0.05 mm
Build volume 180x180x180 mm 143x90x175 mm 140×140×125 mm

z-axis resolution 0.05 mm 0.00125 mm 0.05 mm

Table 1.1: Technical parameters of 3D printers used in this thesis
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1.5 Research problem statement

The effects of the additive manufacturing process, particularly surface roughness, on the

acoustic performance of 3D printed materials must be better understood.

Previous research did not include surface roughness arising from layer-by-layer fabrication

during computational modelling. The presence of the staircase effect was commonly used to

explain the lack of congruence between numerical or analytical predictions and experimental

results. In these cases, a direct link from the surface roughness effect to the deviation be-

tween numerical and experimental results was not established, leaving the possibility of other

contributing factors open.

From the acoustic point of view, 3D printing inaccuracies and other casual errors influence

the designed material’s behaviour [13, 24–26]. Generally speaking, the presence of most of

these defects is usually considered a benefit as it improves the overall acoustic performance of

the fabricated material. However, these are unplanned and, as such, usually uncontrollable,

although the results of this and other recent works [14] show that their presence and the overall

effect can be reproduced using the same 3D printer, material and process parameters. This

was evidenced in this work for the effect of surface roughness. Other recent results confirm

that such reproducibility can be achieved for the microporosity of the 3D printed skeleton

[27, 28] and undesigned microfibers. For this reason, understanding the link between additive

manufacturing and acoustic performance and then actively implementing this information

into the optimisation of the target material design is of great value.

1.6 Research goal

The main goal of this research project was to gain a better understanding of the additive

manufacturing process and use this information to help achieve acoustic improvements in the

performance of 3D printed materials. This project was undertaken to design a novel cellular

acoustic material suitable for additive manufacturing that has been enhanced through an

iterative loop of numerical modelling and experimental validation and demonstrate a practical

application of 3D printed materials.

In order to achieve this, several intermediate objectives were identified:

• To assess the acoustic influence of additive manufacturing on the performance of the

benchmark material and compare it among different 3D printing technologies.
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• To update existing numerical models to capture the actual manufactured material’s

performance and improve their suitability as a material design tool.

• To propose a novel material based on the benchmark unit cell’s geometry but altered

in such a way as to improve its acoustic performance, additively manufacture it and

perform an acoustic evaluation to assess its effectiveness.

• To demonstrate a practical application of additively manufactured acoustic materials

by designing, manufacturing and implementing a 3D printed lattice to enhance the

performance of a commercial off-the-shelf building-acoustics silencer.

1.7 Thesis outline

This thesis consists of eight chapters and five appendices.

Chapter 1 serves as a general introduction to the reader and outlines the motivations for

the project and the main research objectives.

Chapter 2 contains an extensive literature review on acoustic materials, and Chapter 3

discusses the additive manufacturing process, including its influence on the acoustic properties

of 3D printed materials.

Chapter 4 is an acoustic assessment of three distinctive additive manufacturing tech-

nologies applied in this research: FDM, MSLA and SLM to produce the same benchmark

geometrical design.

Chapter 5 outlines the research findings on the impact of surface roughness on the acoustic

performance of additively manufactured parts. It explores the idea of accounting for 3D

printing defects during numerical modelling.

Chapter 6 presents research findings on utilising the acoustic potential of 3D printing

defects, such as surface roughness, during the design phase of novel materials. In such a way,

lessons learnt from Chapter 5 were actively implemented to propose a new geometry based

on a benchmark unit cell but altered for acoustic improvements.

Chapter 7 demonstrates a practical application of additively manufactured acoustic ma-

terials. It discusses the relevance of surface roughness consideration during the design of

practical acoustical systems. Moreover, this chapter also exhibits the potential of novel solu-

tions for the performance enhancement of off-the-shelf components, in this case, a commercial

building acoustics silencer.
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Chapter 8 serves as the summary of the thesis and presents the key conclusions drawn

from the literature review and research results. It also contains suggestions for future work.

Appendix A outlines in detail the air parameters used in all models in this thesis.

Appendix B provides information on the meshing and mesh independence study of nu-

merical models discussed in this thesis.

Appendix C discusses the impact of the bulk viscosity value of air set in models on the

numerical sound absorption coefficient results.

Appendix D and Appendix E report work, which is related to the research treated in the

main text. However, it was judged that their content is not central to the attainment of the

research objectives laid out in Section 1.6. Given the peripheral nature of this information, it

was relegated to the appendices. Specifically, Appendix D discusses the quality improvement

of FDM parts. Appendix E introduces simplified analytical models used to describe occurring

acoustic phenomena theoretically and compares analytical predictions with the numerical and

experimental results presented in the previous chapters.
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Chapter 2

Literature review on acoustic
materials
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2.1. SOUND ABSORBING MATERIALS

2.1 Sound absorbing materials

The excessive noise emitted by various sources, including means of transport, machinery and

equipment, can be reduced with the help of sound absorbers. Moreover, these materials

are also utilised to decrease sound transmission through ducts and silencers. The functional

principle of sound absorbers is to convert acoustic energy into heat [29].

Among different sound absorbers, the nonresonant and resonant are the two major groups.

Nonresonant absorbers, also known as porous absorbers, are typically made of materials with

a porous structure, such as mineral or glass wool [30–34]. Resonant absorbers employ resonant

acoustic or vibratory mechanisms in their construction, utilizing elements like air columns or

volumes, membranes, and plates [31, 33].

The sound absorption properties of most materials exhibit a significant frequency de-

pendence, with porous materials being more effective at higher frequencies. However, by

combining porous materials with resonant systems, it is possible to achieve a more uniform

sound absorption across a wide range of frequencies.

2.2 Porous absorbers

The conversion of the acoustic energy into heat within porous absorbers occurs due to the

viscous behaviour of air flowing through canals, pores and air pockets created by the skeleton

of the material (accessible pore volume) [32]. Unsteady heat transfer between the air in the

accessible pores and the walls also contributes to the damping of acoustic energy [34]. The

viscous dissipation is most effective when the pore size is comparable to the Stokes layer

thickness [35].

Porous materials, in which viscous dissipation effects predominate, can sometimes be

modelled using an extremely simplified geometrical representation shown in Figure 2.1. The

absorber is considered a skeleton with narrow air passages, represented by parallel and thin

tubes extending into the material. The propagation of acoustic waves sideways can be ne-

glected due to the assumption that the pressure is uniform in the directions transversal to the

incoming plane wave and the porous material is homogeneous [33].

In this simplified model, the material thickness is assumed to be so large that there is no

reflection of the acoustic waves propagating in the narrow pores (tubes). Reflection occurs

only at the external surface of the porous material (inlet of the pores). In this model, the open

area of a single tube has a surface area SH , and each tube requires a surface area ST . Assuming
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2.2. POROUS ABSORBERS

Figure 2.1: Simplified model of a porous sound absorber [18, 33]

the dimension of the region associated with one perforation is small compared to the acoustic

wavelength, one can neglect the mass change in that region. Hence, in linear approximation

(as considered here), the volume flux must be equal on both sides of the considered boundary.

Therefore, the ratio of particle velocities, respectively, outside and inside the tube, is given

by the ratio ST /SH . Furthermore, one assumes that the pressure field is continuous. Hence,

the pressure of the external acoustic field at a distance of a few pore diameters from the

surface of the porous material is the same as the pressure at the inlet of the pores. These two

conditions (continuity of flux and pressure) imply an impedance transformation having the

ratio ST /SH as the wave enters the porous material. The impedance ratio is then inserted

into the expression for the reflection coefficient R, and the absorption coefficient α is given as

per Equation (2.1) [33].

α =
4STSH

(ST + SH)2
(2.1)

The surface ratio SH/ST is a measure of the porosity of a material ϕ and given by Equa-

tion (2.2) [30, 32]

ϕ =
Vpore

Vtotal
≃ SH

ST
(2.2)

where Vpore is the accessible pore volume and Vtotal is the total volume. Indeed, resistive

sound-absorbing porous materials should have high porosity and pore structures allowing

flow through the material as only open pores are useful.
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This simple approach is only valid in the higher frequency range. The absorption coefficient

will approach the value given by Equation (1.6) asymptotically as the thickness of the porous

layer increases, provided that SH and ST are correctly chosen. In particular, SH should

be similar to the so-called viscous characteristic length of the porous material modelled in

this simple way. Note that for the actual slitted material, this length equals the slit width,

whereas, for example, for the benchmark geometry shown in Figure 1.2, the viscous length

will be similar to the cylindrical channel radius. When SH is selected, ST should be chosen

with respect to it and the porosity in order to satisfy Equation (2.2).

The conversion of the acoustic energy carried by the wave into heat, which occurs in the

air inside the material’s pores, is caused by the losses induced by the viscosity of air. The

generated heat is then transmitted to the material’s skeleton. The viscous losses will be

substantial, especially if the canals are very narrow. Porous materials are dispersive media,

which means that the wave speed strongly depends on the frequency. For a porous material

with a rigid frame saturated with air, the speed of airborne waves is always lower than the

speed of sound in the free air, and it regularly decreases with frequency. In some high-

frequency range, it may be roughly approximated by some value, but the specific value should

depend on the type of porous material (acoustic foam or fibrous material), its porosity, etc.

Note also that at low frequencies, the waves slow down dramatically.

Porosity is a critical parameter for sound absorption. The flow resistance, defined as a ratio

between the pressure required for the flow and the flow speed [Ns/m3], also determines the

absorptive properties of the material. The absorption coefficient α increases with the increase

in frequency. Other essential parameters for sound absorption include: sample thickness,

extension, placement and form of the material [31, 33].

A high-quality acoustic porous material is usually designed to have very high porosity,

approaching unity. Furthermore, when a high absorption is needed, the porous material will

be placed on a hard wall as pyramids of a height of about a quarter of the lowest wavelength

one wants to absorb. The waves approaching the top of the pyramids or wedges will hardly

reflect because the surface ratio SH/ST is almost unity. As they propagate further, the wave is

gradually dissipated in the porous bulk of the pyramids. This construction is used in anechoic

rooms.

A thin layer of porous material placed on a wall does not absorb sound efficiently because

the acoustic velocity normal to the wall vanishes as one approaches a hard wall. Hence, the
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viscous dissipation due to air displacement is impeded by the hard wall. The sound absorption

in the lower-frequency range can be improved by implementing an airspace between the porous

layer and a rigid wall, as shown in Figure 2.2. Subsequently, the absorber is relocated from its

previous position near zero particle velocity to a new location where air can be forced through

the pores [36]. The alternative is to place a perforated plate backed by some porous material

instead of the porous layer. This forms a resonant sound absorber with peaks of absorption

at critical frequencies. A discussion of resonant absorbers is provided in the following section.

Figure 2.2: Porous layer in front of a rigid wall (dotted line: particle velocity when the layer
is absent): (a) layer immediately on the wall, (b) layer mounted with air backing [31, 36]

As an alternative to pyramids, foam panels with gradually decreasing pore size and poros-

ity have been designed. For incidence on the large porosity side, such panels display large

sound absorption coefficients at medium to high frequencies [34]. Although some porous ma-

terials, such as packs of loosely packed thin fibres [34], are relatively affordable and good

sound absorbers for medium and high frequencies, they are subject to a few limitations and

problems. Among some of the issues, porous absorbers are prone to mechanical damage.

Moreover, they collect dust (particularly in close proximity to air exhausts and intakes) and

are likely to release fibres hazardous to human health [33].

2.3 Resonant absorbers

When a sound field forces a flexible plate to vibrate, part of its energy is subsequently emitted

back into the environment. This part is removed from the incident sound energy, which, as

a result, provides the effect of absorption [37]. In resonant absorbers, acoustic waves set the
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acoustical and mechanical components in motion, leading to losses and, consequently, sound

absorption. Resonant absorbers can be classified into two main categories, i.e. the ones

based on vibrating elastic elements (such as plates, membranes, etc.) and those based on air

volumes and cavities (such as Helmholtz resonators, etc.) [31, 33]. Resonant absorbers are

used to target low-frequency sound.

2.3.1 Tube resonators

Acoustic resonance occurs when the frequency of a sound wave matches the natural frequencies

of vibration in an acoustic system, leading to the amplification of the signal. The resonance

of a tube of air depends on its length, shape and whether it has closed or open ends. Any

cylindrical tube resonates at multiple frequencies, and the lowest frequency is called the

fundamental frequency or the first harmonic.

(a) Half wavelength resonator

(b) Quarter wavelength resonator

Figure 2.3: Tube resonators (the dotted lines indicate the amplitude
of the fluctuations in particle velocity)

A tube open at both ends is a half wavelength resonator, shown in Figure 2.3a. It enters

a resonant state when its length equals an integer multiple of half the wave’s wavelength. A

tube closed at one end is a quarter wavelength resonator, illustrated in Figure 2.3b. It enters

a resonant state when its length equals an odd multiple of a quarter of the wave’s wavelength.

Maximum absorption is observed at these resonant frequencies [38, 39]. An extensive review

of the literature on classical quarter wavelength absorbers is provided by van den Eerder [38]

and Hannink [39]. These panels have, by definition, a thickness of a quarter wavelength.
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However, ultra-thin sound-absorbing panels can be designed based on spiral or labyrinth

co-planar tubes [40]. By using different resonator lengths in a panel, one can achieve broad-

band sound absorption [15, 41].

2.3.2 Helmholtz resonators

A Helmholtz resonator is a single resonator which consists of a neck (opening) and a cavity

(volume). It behaves as an ideal acoustical mass-spring system. The schematic of a Helmholtz

resonator and an equivalent mass-spring system is shown in Figure 2.4.

The resonant frequency of a Helmholtz resonator is given by Equation (2.3)

fr =
c

2π

√
Ac

V leff
(2.3)

where c is the speed of sound in air, Ac is the cross-sectional area of the neck, leff is the

effective neck length (related to the actual neck length l), and V is the cavity volume.

Figure 2.4: Helmholtz resonator [42]

Here, it is assumed that all the inertia is concentrated in the neck, while the compressibility

is only relevant in the volume. In this approximation, the pressure in the volume is uniform,

and the flow in the neck is incompressible. In the mass-spring system, this corresponds to

a massless spring (of the air cavity volume) and a rigid mass (of the air in the neck). The

effective length of the neck includes end corrections, taking into account the inertia and friction

losses in the acoustic flow in the vicinity of the neck openings. The end-corrections are of

the order of magnitude of the neck diameter and depend next on the details of the geometry

[43, 44], on the interaction between neighbouring resonators and the acoustic level [45]. As
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for resonant tubes, one can obtain thin, sound-absorbing panels by using coplanar Helmholtz

resonators [40].

The wide frequency bandwidth can be achieved by utilising a large enclosed volume.

However, the shape of this volume is not significant as long as the airspace dimensions are

small compared to the wavelength [33]. A broad absorption range can also be achieved by

combining several resonators tuned for different resonance frequencies [15, 21, 46].

A notable advantage of Helmholtz resonators is that their resonance does not rely on the

standing wave formation within the structure. As a result, resonance occurs at frequencies

with wavelengths much longer than the physical dimensions of the Helmholtz resonator itself.

This characteristic has made Helmholtz resonators highly relevant and widely used in the

design of acoustic metamaterials, which by definition are sub-wavelength in size [47].

2.3.3 Perforated panels

Perforated plates backed by a rigid wall (forming a narrow air gap) are another example

of resonant absorbers. Resonator panels can be thought of as several individual adjacent

Helmholtz resonators. The internal side walls of the neighbouring air volumes can be erased

due to symmetry, and the resonant frequency of the panel can be calculated in the same

manner as for the single resonator [31, 48].

Figure 2.5: Perforated panel

The enclosed air volume is then given as per Equation (2.4)

V = SpD (2.4)

where D is the depth of the airspace, Sp = b2, and b is the distance between hole centres

(assuming a square hole pattern).

Neglecting friction, the resonance frequency of a slit resonator panel is given as per Equa-

tion (2.5)
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fr =
c

2π

√
Sp

V leff
(2.5)

where Sp is the cross-sectional area of one perforation, V = b2D is the enclosed-slit volume

associated to the perforation and leff is the effective neck length [31].

In some applications, the perforation diameter is of the order of the Stokes layer. This

implies a large frictional loss in the perforation. This type of perforated plate is referred to

as a microperforated plate [43, 44, 49].

2.4 Acoustic metamaterials

The propagation of acoustic waves in a non-viscous homogeneous fluid, which can be described

as per Equation (2.6), depends solely on the acoustic pressure p and the speed of sound c,

which is defined as per Equation (2.7). The characteristic impedance of a medium, which

describes the opposition of a medium to wave propagation, is given by Equation (2.8).

∇2p− 1

c2
∂2p

∂t2
= 0 (2.6)

c =

√
κ

ρ
(2.7)

Z0 =
√
κρ (2.8)

where κ is the bulk modulus and ρ is the mass density.

Rigid-frame porous media and some acoustic metamaterials can also be modelled using

these equations. As a result of model homogenisation carried out for such media, they can

often be replaced by a homogeneous acoustic fluid characterized by effective bulk modulus and

mass density. These effective properties are usually complex-valued functions and have little

in common with the properties of the saturating fluid. However, they are crucial parameters

for acoustic materials determining the propagation characteristics of acoustic waves in the

medium.

Conventional materials, like polymers or composites, have positive values of both κ and ρ,

which depend on the composition and microstructure of the medium. However, by introducing

local resonant units into the material, the equivalent acoustic parameters can become negative

within a specific frequency range that is not observed in natural materials. This phenomenon
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enables the achievement of negative equivalent mass density, equivalent bulk modulus, and

remarkable acoustic properties such as a negative refractive index [50].

These characteristics open up exciting possibilities for manipulating sound waves and de-

signing unconventional acoustic materials with unique properties and functionalities. Desired

acoustical behaviour is achieved by adequately designing metamaterial structures using con-

ventional acoustical elements fabricated from traditional materials [51]. The subwavelength

system consists of designed unit cells aligned to create hidden degrees of freedom. Commonly

used dynamic microstructural elements include Helmholtz resonators, resonant scatterers, and

elastic membranes [52]. Unit cells might be arranged periodically, but this condition is not

necessary.

Low-frequency sound attenuation, superior sound absorption, and acoustic cloaking are

a few of the effects achieved with acoustic metamaterials. The concepts commonly used in

the design process include subwavelength resonant structures (sonic crystals), membrane-type

metamaterials, non-resonant metastructures (space coiling metamaterials), labyrinthine struc-

tures, negative, double negative or near-zero metamaterials [53]. Such complex applications

are not considered in the present thesis.
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3.1 Additive manufacturing technologies

Note that 3D printing is (only) a form of additive manufacturing, which in general refers

to the creation of objects by ‘adding’ material. However, in this work, we use the terms

‘additive manufacturing’ and ‘3D printing’ interchangeably, which has been quite commonly

used lately.

Figure 3.1: Additive manufacturing process chain [54]

The industrial potential of additive manufacturing has evoked great interest in the devel-

opment of different 3D printing technologies. The main advantages of additive manufacturing

include design flexibility and customization ease. Objects are formed directly from the CAD

data in a layer-by-layer manner. This approach enables the creation of complex geometries

that would not be manufacturable using conventional technologies, including traditional sub-

tractive methods such as milling, carving, or machining.

Irrespective of the chosen 3D printing technology, any additive manufacturing workflow

consists of two operations, one carried out on a virtual level and the other on a physical level,

as illustrated in Figure 3.1. First, a 3D object is created in CAD software. The geometry is

then exported to the slicing software as a Standard Tessellation Language (STL) file.

Although the STL format was initially developed for Stereolithography (SLA) by 3D

Systems, it is commonly used for various 3D printing technologies. STL converts any 3D

geometry into a set of unstructured triangulated surfaces, which do not represent any of the

model features, such as colour or texture. The main advantage of the STL format is its
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simplicity as the original geometry is transformed into its most basic form. On the other

hand, this transition comes at the cost of reduced resolution, especially in the complicated,

curved regions of the considered geometry. Errors arising from these approximations can be

ignored as long as they are smaller than the inaccuracies occurring due to manufacturing

process [55].

In the next step, the slicing software splits an STL file horizontally into separate thin layers

of a predefined thickness specific to the chosen additive manufacturing technology. Each of

them represents a 2D contour. These outlines stacked one on top of the other form a final

object that accurately depicts the original geometry. As a result of this conversion, a set of

specific pathway instructions is created and then transmitted to the printer. This information,

known as the G-Code, contains not only the contour (x-y) and thickness (dz) data but also

the layer number (z-coordinate) of each layer.

This approach is valid for most additive manufacturing technologies. However, in projection-

based resin printing (such as Masked Stereolithography), slicer software generates a series of

images corresponding to each layer to be cured instead of creating a G-code.

Figure 3.2: Printing area and resolution relation for different additive manufacturing
technologies, including Two-Photon Polymerization (TPP), Digital Light Processing (DLP),

Stereolithography (SLA), Direct Ink Writing (DIW), Inkjet, Fused Deposition Modelling
(FDM), Selective Laser Sintering and Melting (SLS & SLM) [56]
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Several additive manufacturing technologies are available on the market, varying in com-

plexity and exploitation costs. The difference between them in terms of the achievable res-

olution and printing area is displayed in Figure 3.2. Although print quality improves for

more complex 3D printing technologies, none of these processes guarantees total reliability

and reproducibility of fabricated parts. In this thesis, three different additive manufacturing

technologies will be examined and compared: Fused Deposition Modelling (FDM), Masked

Stereolithography (MSLA), and Selective Laser Melting (SLM).

3.1.1 Extrusion-based additive manufacturing

Material extrusion is a rapidly growing branch of additive manufacturing processes. The first

technology of this kind, Fused Deposition Modelling (FDM), was developed by Stratasys in

the late 1980s for rapid prototyping. Although this technology was patented until 2009, and

nowadays, other enterprises are allowed to manufacture machines operating on the same prin-

ciple, the original name has been trademarked. Therefore, other extrusion-based techniques

are known under different names, such as Fused Filament Fabrication (FFF).

Initially, due to limited technological capabilities, parts produced with rapid prototyping

served primarily for visual aids purposes. Manufactured objects were used more as pre-

sentation models rather than being considered fully functional prototypes. Over the years,

however, significant technological advancements in extrusion-based additive manufacturing

have occurred. Nowadays, produced parts find other, more complex uses and must meet the

demands regarding dimensional accuracy and mechanical properties. Additive manufacturing

machines are used across many application fields, in private homes, manufacturing plants,

educational institutions and government settings. Owing to its versatility, extrusion-based

additive manufacturing has grown from a relatively small technical field to a thriving market,

with shares growing each year [57].

Process overview in extrusion-based additive manufacturing

In FDM, a filament feedstock is provided into the system through a pinch roller feed mech-

anism, as shown in Figure 3.3a. Commonly used printing materials include thermoplastic

polymers, such as Polylactic Acid (PLA) or Acrylonitrile Butadiene Styrene (ABS). Inside

a liquefier, the filament is heated up to its melting point. The material in the semi-molten

state is fed through a printing nozzle and distributed onto the build plate. Owing to their

semi-liquid consistency, newly formed layers easily blend in with the previously deposited
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ones. The melted material that has already been distributed is referred to as a bead or a

road. A stepper motor connected to the system controls the movements of the print head

along the gantries, limiting the built environment. The 3-axis system enables movements in

x, y and z directions. The build plate, on which separate layers are distributed, moves along

the z direction. In such a way, 3D objects can be created in a layer-by-layer manner. The

path followed by the extrusion head is referred to as a toolpath.

(a) Process overview (b) Generic cross-section of a printed part

Figure 3.3: Extrusion-based additive manufacturing [58]

The toolpath plays a significant role in the quality of parts produced via extrusion-based

additive manufacturing technologies. A cross-section of an exemplary part is illustrated in Fig-

ure 3.3b. The manufacturing of each layer begins with the creation of the outline of the shape,

the contour. The interior is then filled with a raster of roads distributed at a certain angle.

Roads can be either adjacent to each other or separated by air gaps, depending on a prede-

fined infill pattern. The contour and road thickness are factors that contribute significantly

to the dimensional accuracy and surface roughness of printed parts.

Figure 3.4: The overhang angle α in extrusion-based additive manufacturing
(adapted from [59])
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More complicated designs require manufacturing additional supports attached to the

printed object, as illustrated in Figure 3.4. When an overhang angle of the walls is smaller

than 45° from the horizontal, upper roads overhang the contour below them, and the structure

is likely to collapse. Supports may be manufactured using an additional nozzle supplying a

different feedstock or similarly printed along the desired object. Support structures may need

to be removed chemically or mechanically, depending on the material used.

Parts fabricated via extrusion-based additive manufacturing technologies suffer from a

lack of uniformity. The characteristics of the manufacturing process result in the anisotropic

behaviour of printed objects. For instance, part orientation significantly influences the com-

ponent’s accuracy, strength, and build time.

Printing parameters in extrusion-based additive manufacturing

A better understanding of processing technology is needed to ensure the continuous improve-

ment and growth of additive manufacturing technologies, especially extrusion-based ones, such

as FDM. However, currently, too many factors contribute to the processing output, and their

mutual relations are not yet well understood. This results in the need for more manufacturing

repeatability and consistency of the printed parts. Therefore, extrusion-based additive manu-

facturing is often not considered a viable and reliable manufacturing technology. Furthermore,

correlations between process parameters and the final properties of the build parts need to

be studied to develop advanced control strategies for 3D printing systems and enable their

commercial implementation [57]. Other vital aspects that should also be considered include

efficiency factors, such as the build time and material usage [60].

The accuracy of additive manufacturing technologies is highly dependent on the predefined

build parameters. The quality of printed parts, in terms of their dimensional accuracy, res-

olution and surface roughness, stems from the combination of the chosen process and design

parameters [58]. Therefore, the acceptable variation from the benchmark should be within

the desired tolerance range.

The first group of factors affecting print quality encompasses product design parameters

related to the toolpath, as illustrated in Figure 3.5. Among them is the road or bead width,

the thickness of the path deposited by the printing nozzle. The achievable resolution is highly

dependent on this dimension. The reduction of the road width results in improved surface

quality, but this is at an increased build time.

32



3.1. ADDITIVE MANUFACTURING TECHNOLOGIES

The layer height is the thickness of the deposited layer measured in the vertical direction.

In terms of the resistance to the axial load, parts produced with smaller layer thickness tend to

be stronger [61]. The combination of the maximum layer height, the lowest level of infill and

the number of shells should be chosen to maximise the printing process’s efficiency in terms

of build time and energy consumption [60]. Standard layer heights utilised in extrusion-based

additive manufacturing vary from 0.10 mm to 0.25 mm.

Another parameter affecting the dimensional accuracy is the air gap, which can be defined

as the space between adjacent roads of the deposited material. By default, the air gap is set

to zero, which results in the precise alignment of distributed beads; see Figure 3.5c for g = 0.

In case of a positive air gap, conterminous roads do not connect as free spaces are left between

them (see Figure 3.5c for g > 0), leading to a faster build time.

When a negative gap is chosen in the design software, neighbouring beads overlap (see

Figure 3.5c for g < 0), resulting in a longer structure build-up. Parts manufactured with

a negative air gap are characterised by higher tensile strengths [61, 62] and stiffness [55].

However, this can come with the loss of surface quality and dimensional accuracy and should

only be used when the mechanical properties of the produced parts are the main priority.

The value of the negative air gap should not fall below 0.003 inches (0.0762 mm) as it has

been demonstrated that FDM machines are not capable of achieving such high resolutions,

and printing processes are expected to fail [55].

(a) Road width (b) Layer height (c) Air gap

(d) Build orientation (e) Raster angle

Figure 3.5: Product design parameters (adapted from [61])

Build orientation indicates the position in which the part is manufactured. Manufactured

parts have anisotropic characteristics and tend to be stronger in the direction of the road
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axis than in the direction of road-to-road bonds. Therefore, components should be built so

that tensile loads will be transferred axially along the fibres. The influence of the 3D printing

process on structural strength is outside the scope of this work, which focuses on acoustic

materials. The achievable accuracy is also dependent on the build orientation.

The raster angle is the angle of the raster tool path deposited in regard to the x-axis of

the build plate. The infill raster pattern resulting from it relates to the direction in which

roads are distributed inside the structure’s interior. These parameters significantly impact

the mechanical properties of produced parts, especially in the more complex regions of the

geometry. Distributed roads show discontinuities at corners arising from the rasterization

process. These areas are subject to stress concentrations and should be approached with

caution during the design process. The selected raster angle has a significant impact on the

internal structure of the finished part. It has been demonstrated that increasing the raster

angle improves tensile strength [61].

Among all build parameters, road width, slice thickness and air gap influence the dimen-

sional accuracy and surface roughness to a great extent. On the other hand, build orientation

and raster angle are crucial for optimising build times and mechanical properties of manufac-

tured parts.

The second group of build parameters includes process parameters. Critical are variables

concerning build temperatures, such as liquefier and environment temperatures, and the cool-

ing rate. Warping and other thermal deformations occur due to shrinkage during the cooling

phase when the semi-molten material solidifies. Internal stresses within the manufactured

part arise due to the uneven heat distribution and are the main reason for distortion and

the consequent reduced dimensional accuracy [63]. In extreme cases, they not only affect

the printing accuracy but also reduce the durability of components and cause cracking. It

has been suggested that the issue of emerging thermal gradients can be eliminated by short-

ening toolpaths so the time between the deposition of neighbouring roads is reduced to the

minimum, which could improve the dimensional accuracy [64].

These adverse effects are also related to the filament feed rate, which controls the pace at

which the printing material is deposited onto the build plate. Variations in the road thickness

arise from changes in the material deposition, which cause reduced dimensional accuracy. In

addition, the studies on the feed rate found that a sudden drop in the filament feed rate

can result in structural weakness of produced components because of the lower extrusion
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temperature [65]. This effect is significant for part certification in the aerospace industry,

where understanding and control over the whole manufacturing process is required.

Aside from design and process parameters, the properties of the feedstock filament them-

selves play an essential role in determining the final quality of finished parts in terms of

dimensional accuracy and print resolution. This consideration is of great importance for an

accurate representation of the geometrical model, especially regarding the finer details. Pos-

sible issues could not only affect the visual aspects of the product but also cause problems

during part alignment of more complex systems.

Post-processing in extrusion-based additive manufacturing

Parts produced using extrusion-based additive manufacturing usually do not require any ad-

ditional post-treatments. However, the surface quality of printed components may need to be

improved by applying additional post-processing. Two primary approaches include mechani-

cal and chemical finishing techniques. Mechanical post-processing includes manual sanding,

abrasive milling and hot cutter machining. Chemical post-processing is usually applied to

ABS parts and includes vapour smoothing and acetone dipping [66].

3.1.2 Photopolymerisation-based additive manufacturing

The limitations of extrusion-based additive manufacturing, which include slow printing speed

and reduced printing precision, contributed to the development of alternative rapid prototyp-

ing processes. Photopolymerisation-based 3D printing is another broad group of 3D printing

technologies that are becoming increasingly popular as they overcome previously mentioned

issues at relatively affordable operating costs. Several photopolymerisation technologies ex-

ist, among which the most popular are: Stereolithography (SLA), Masked Stereolithography

(MSLA) and Digital Light processing (DLP). Among these, MSLA is the fastest and usually

also faster than FDM.

The main idea behind these technologies is the selective curing of a photopolymer resin

by a light source. Parts produced in such a way are characterised by the smoothest surfaces,

which do not usually require additional finishing post-processing, and by good z-axis strength

since the neighbouring layers are bonded chemically [67].

Photopolymerisation-based additive manufacturing technologies are characterised by rela-

tively unconstrained material requirements, mostly requiring photopolymerizable resins only

to flow sufficiently for recoating and enable the usage of materials for target applications with
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desired material properties [68]. Different photosensitive resins may be used as build materials,

enabling these manufacturing processes to find use across various technical fields. For instance,

aside from conventional materials science and engineering applications, photopolymerisation-

based additive manufacturing implementations include the pharmaceutical industry [69], den-

tal industry [70], tissue engineering [71], electronics industry [72], jewellery and fashion-

wear [73]. In the case of traditional applications, such as aerospace, automotive and other

industries, for which the product performance is highly dependent on the changes in mass,

low-density materials with high strength-to-weight ratios may be used to optimise the perfor-

mance efficiency and lower the production cost [68].

Zhou et al. (2015) state that SLA can achieve the best dimensional accuracy and sur-

face quality of manufactured parts among all the additive manufacturing technologies [74].

The high resolution is accomplished owing to laser-based vector-by-vector scanning, in which

photopolymer resin is solidified in a point-by-point manner. The major disadvantage of this

method lies in the extended build time. Therefore, new technologies operating on an im-

proved but similar principle have been developed, among which DLP and MSLA are the most

widespread. They operate on the principle of projection-based layer-by-layer exposure. A

projector or a Liquid Crystal Display (LCD) screen masking the light source is used to illu-

minate and cure the whole layer simultaneously in a planar-by-planar manner during a single

exposure. In such a way, projection-based technologies can achieve faster build speed without

sacrificing the printing resolution [74], although voxel raster may lower the surface quality.

Compared with SLA, projection-based additive manufacturing technologies are more effi-

cient, faster and operate at a broader range of wavelengths. Moreover, unlike SLA machines,

DLP printers offer more flexibility regarding the amount of resin needed for manufacturing

as they are adaptable to customized tanks and small volumes of photopolymers [69].

Since desired voxels (volume elements forming a 2D grid of a specified voxel depth) are

simultaneously cured in a 2D plane, which allows the creation of an individual layer during a

single exposure, the printing time does not depend on the in-plane dimensions of the geom-

etry and instead is dominated by the vertical dimension. For this reason, projection-based

photopolymerisation is more suitable for large-scale production than other additive manufac-

turing technologies, which require serial deposition in all three dimensions of the geometry

and therefore need more time to complete [68].
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Process overview in photopolymerisation-based additive manufacturing

Figure 3.6: Stereolithography (SLA) process [75]

The original SLA technology, presented by 3D Systems in 1986, operates on the principle of

localized photopolymerisation and solidification of the photosensitive liquid resin by exposure

to a rastering UV laser. The geometrical pattern is illuminated on the surface of the resin in

a row-by-row manner using a laser beam controlled by a set of two mirrors, one for the x-axis

and the other one for the y-axis, known as galvanometers. The photopolymerisation occurs

on the surface, resulting in the solidification of the base layer to a predefined depth and its

adhesion to the support platform. Between each layer, the platform is repositioned, and the

built layer becomes recoated with liquid resin. The process is repeated in a layer-by-layer

manner until the complete, solid object is created [76]. The process overview is illustrated

in Figure 3.6

After the manufacturing process is completed, the excess resin, which may later be reused,

must be washed off of the structure. Potential support structures should be physically re-

moved before the next step. Depending on the type of resin used, parts produced with SLA

usually require additional post-treatment in the form of UV curing in order to improve their

mechanical properties, in particular, the material’s stiffness and strength. The surface rough-

ness of SLA objects is generally minor and resembles the finish of moulded components. The

final surface finish may be improved through additional treatments, such as primers, paints

or metallic coatings [67].

Two other photopolymerisation technologies related to the laser SLA are MSLA and DLP.

In MSLA, the laser is replaced by an LCD photomask, which serves as a projector, flashing

the entire geometrical shape onto the resin during a single exposure. It can cure a complete

layer at once, which usually results in much shorter 3D printing times. The process overview

is shown in Figure 3.7.
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Figure 3.7: Masked Stereolithography (MSLA) process [75]

DLP works based on the same principle. However, instead of an LCD, a Digital Micromir-

ror Device (DMD) is used as the light projection device. DMD is an array of millions of

microscopic mirrors that can be rotated independently and correspond to image pixels. The

process overview is illustrated in Figure 3.8.

Figure 3.8: Digital Light Processing (DLP) process [75]

Printing parameters in photopolymerisation-based additive manufacturing

The quality of parts produced with photopolymerisation-based additive manufacturing de-

pends on several predefined printing parameters, properties of the chosen photosensitive resin

and the applied post-treatment. The first category, i.e. process parameters, include: layer

height, UV exposure time to UV radiation and light source intensity, printing temperature,

platform lifting speed, and, in the case of DLP and MSLA, voxel size. These parameters and

their impact on the 3D printing process are discussed below.

The layer height relates to the cure depth and determines the z-axis resolution. The

printing time and surface quality highly depend on its chosen value: typically, smaller curing

depths allow for better surface quality but increase the printing time. Depending on the
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chosen resin, the cure depth is determined by the exposure conditions (wavelength, power,

and exposure time/speed), the properties of the photoinitiator, and the presence of additional

dyes, pigments and added UV absorbers [67]. A higher resolution of the z-axis is obtained by

reducing the individual layer height. That results in an increased number of layers cured on

top of each other. The chosen cure depth should be a balanced compromise between the build

time and printing resolution. Standard layer heights utilised in photopolymerisation-based

additive manufacturing include 0.03 mm and 0.05 mm.

Zhang et al. (2019) investigated the correlation between the layer height and the printing

accuracy for SLA and DLP technologies [77]. For SLA, a decrease in layer height consistently

increased printing accuracy, with the best results achieved at a layer thickness of 0.025 mm.

For DLP, an error threshold value of layer thickness of 0.05 mm existed, below which the

reduction of layer height led to a decrease in accuracy. 0.05 mm was also determined to be

the best compromise between surface accuracy and printing error. Moreover, at the same

layer thickness of 0.1 mm, DLP printers achieved a better printing speed and better printing

accuracy than SLA machines. Wu et al. (2019) demonstrated that layer height is among the

most crucial parameters affecting the UV-induced bending phenomenon, which leads to the

distortion of manufactured parts and can be diminished with proper printing parameters [78].

Other important process parameters are the UV exposure time and intensity of the light

source that directly influence the curing of individual layers. The first four to eight layers

should have an extended exposure time, with a value equal to three to four times the standard

printing exposure time, to secure firm adhesion of the first layer to the build platform [79].

The relationship between the amount of UV radiation and the cured depth is given by an

adapted Beer-Lambert equation, known as the cure-depth equation:

Cd = Dp ln (
Emax

Ec
) (3.1)

where Cd is the maximum cure depth, Dp is the penetration depth, Emax is the maximum

exposure energy at the surface and Ec is the critical, minimum energy required to initiate

polymerization [80].

When the energy emitted from the UV source reaches Ec, gelation occurs in the pho-

topolymer. This process cannot be reversed, as a permanent molecular network is formed.

During gelation, the viscosity of the resin sharply increases, and the system will no longer

flow. As a result, two phases, a gel and a solution, coexist. With the further energy increase
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above Ec, the crosslinking phase is initiated, during which covalent bonds are created be-

tween the developed polymer chains and the molecular mobility decreases. That leads to the

solidification of the photopolymer [81].

Steyrer et al. (2018) investigated the influence of the printing temperature on the prop-

erties of printed components using DLP [82]. It was shown that the same exposure time

at higher temperatures results in a higher curing depth due to the increased mobility in

the system. Moreover, longer exposure time at lower temperatures leads to an increased

over-polymerisation that causes the surface to be smoother but at the cost of reduced di-

mensional accuracy. Therefore, printing at elevated temperatures reduces the manufacturing

time, positively influences the overall process efficiency, and results in higher conversion and

better mechanical properties of manufactured parts. Moreover, it also enables the usage of

high-viscosity resins, as the liquid viscosity decreases with increasing temperature.

Figure 3.9: Microscopic image of an MSLA part showing the voxel effect
on the surface finish [13]

The minimum voxel size achieved during the DLP process determines the printing resolu-

tion. In the vertical direction, it depends solely on the layer thickness and the accuracy of the

position control system, provided that enough energy is supplied. In the horizontal direction,

it depends on several parameters: micromirror size, the degree of crosslinking, the amount of

energy provided, the exposure time, the reflection and refraction in the light occurring due to

passing through different media and the PDMS clouding resulting from the surface roughness

and the prolongated UV exposure [79]. The voxel size is also an inherent parameter of the
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MSLA process. In this case, it depends on the LCD matrix used. An exemplary voxel effect

occurring on the surface finish is illustrated in Figure 3.9.

The lift speed is another parameter that can be adjusted in the slicing software. It is the

pace at which the build plate is moved away from the resin tank between each layer. The set

value should be a compromise between the printing time and the secure adhesion of cured

layers attached to the moving platform. Finally, the part orientation has a similar effect on

the parts produced through photopolymerisation as on parts produced through extrusion-

based additive manufacturing, described in detail in the previous subsection. However, as

mentioned by Monzón et al. (2017), this influence of the build orientation on the mechanical

properties primarily applies to parts that do not require further post-curing [83].

Post processing in photopolymerisation-based additive manufacturing

Photopolymerisation technologies usually require additional post-processing, as the manufac-

tured parts are covered with excess and uncured resin that needs to be mechanically removed

through a combination of ultrasonic isopropyl alcohol (IPA) baths and compressed air clean-

ing. In addition to the clean-up of the remaining resin, newly manufactured parts are usually

left on the build platform in a fragile ‘green’ state and require post-curing. Although the

printing process of the geometry has been completed, the photopolymerisation still needs to

be fully finished, and the mechanical properties of the component still need to be obtained.

During a UV post-curing, additional chemical bonds form within the part that improve the

material’s strength, stiffness, and temperature resistance [84].

3.1.3 Powder bed fusion-based additive manufacturing

Powder Bed Fusion (PBF) is the group of most advanced additive manufacturing processes

that utilise a heat source, typically a laser, to sinter or fuse metal or nylon powder particles in

a layer-by-layer manner. Parts produced in such a way achieve high accuracy, superior surface

finish and resolution and are characterised by excellent mechanical properties. Several PBF

technologies exist, among which the most popular are Selective Laser Melting (SLM) and

Selective Laser Sintering (SLS).

Unlike previously mentioned additive manufacturing technologies, PBF processes are highly

hazardous and must be undertaken under strictly controlled laboratory conditions. Only

highly skilled personnel perform the 3D printing, as potential risks include mechanical, elec-

trical, thermal, radiation, and material/substance hazards [85]. Powder management, which
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includes storage, loading in the machine, removal from the machine and waste disposal, must

be carried out safely and in a controlled manner.

Extrusion- and photo polymerisation-based additive manufacturing machines are desktop

3D printers that are low-cost and easy to use by beginners in the field. PBF machines, on the

other hand, are costly and can only be used by trained operators. As a result, metal prints

are usually commissioned to be performed by internal or external units. For that reason, in

this subsection, the principles behind PBF-based additive manufacturing will be covered in

less detail than the previously discussed 3D printing technologies.

Figure 3.10: Selective Laser Melting (SLM) process [86]

Process overview in PBF-based additive manufacturing

In laser-based PBF additive manufacturing, a laser beam is used to scan specified locations

of the powder bed at controlled speeds. Then, each 2D slice of the part geometry is fused to

the previously created layers underneath by either complete melting (SLM) or partial melting

(SLS). After laser radiation in one layer is finished, the powder bed is lowered by the amount

of the fixed layer height and a recoating mechanism deposits and levels the new layer of

metal powder. The process repeats in a layer-by-layer manner until the complete object is

created [87]. The overview of the SLM process is shown in Figure 3.10. The same scheme

applies to SLS.

The process takes place inside the built chamber containing a tightly controlled inert gas

atmosphere (argon, nitrogen) to prevent oxidation. Moreover, the gas flow helps to remove
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the condensate created during powder melting. The quality and properties of SLM parts are

heavily influenced by the gas flow uniformity across the build area [88].

In PBF additive manufacturing, the ability to achieve a homogenous thickness of metal

(or polymer) powder in each layer plays a significant role in the quality control of fabricated

parts. For that reason, several techniques targeting powder delivery and its uniform levelling

on the powder bed in each layer before laser scanning have been developed. A popular one

uses a recoater to supply enough powder to create each layer by dropping a controlled volume

into the chamber. Next, a counterrotating roller uniformly distributes the metal powder over

the build platform. The powder delivery system’s primary goal is to maximise powder flow,

minimise the creation of a particle cloud and minimise the shear forces over the previous

layer [87].

Printing parameters in PBF-based additive manufacturing

Figure 3.11: Selective Laser Melting (SLM) process parameters [89]

The PBF printing techniques are controlled by a set of processing parameters, which are:

laser-, scan-, powder- and temperature-related. An outline of the principal process parameters

involved in SLM is illustrated in Figure 3.11. Among them, the major ones include laser

scanning speed, scan spacing, laser power and layer thickness. The standard layer height in

PBF-based additive manufacturing varies from 0.02 to 0.05 mm.
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The feedstock powders’ properties are another vital factor affecting the quality of parts

produced via PBF-based additive manufacturing. The particle morphology, size, and distri-

bution influence powder flowability, laser energy absorption and the thermal conductivity of

the powder bed. A higher powder bed density should be obtained during additive manufac-

turing to minimise internal stresses, part distortion, porosity and surface roughness in the

built components [87].

Powders with spherical particle morphology are preferred, as they improve the powder’s

flowability and achieve higher packing density in the powder bed. They improve the final

quality of the SLM or SLS parts in terms of geometric and mechanical properties [90]. For

that reason, gas-atomized powders with a spherical shape are commonly used as feedstock for

additive manufacturing processes.

Post-processing in PBF-based additive manufacturing

One of the major issues resulting from using metal (or polymer, etc.) powders in PBF additive

manufacturing is the rough surface finish of produced parts, which makes them insufficient for

most applications. However, the surface quality of manufactured components can be improved

using additional post-processing. Several finishing treatments exist, among which the most

conventionally used include grinding and sandblasting. These post-processing techniques are

skilled operator-dependent and labour-intensive. Another issue is that they are difficult to

apply uniformly on parts with complex geometries [91].

3.2 3D printing defects

Although 3D printing has created new opportunities for acoustic material development, ex-

isting process issues must first be addressed and tackled to establish additive manufacturing

as a reliable production method. The quality of the product must be improved, which will

be of great importance, especially for future aerospace, automotive and building acoustics

applications.

Additively manufactured parts are subject to flaws, primarily regarding surface finish and

dimensional accuracy, irrespective of the chosen technology. Another issue is the microporosity

of the build material, which is present in extrusion-based and PBF-based technologies. All

these issues with regard to different additive manufacturing processes will be discussed in

more detail in the following section.
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3.2.1 Surface roughness

A rough surface finish is closely related to the nature of the layer-by-layer fabrication tech-

nique. This method of applying flat layers on top of each other inevitably leads to the creation

of rough outer surfaces in addition to other problems, such as voids and porosity in the compo-

nent. Components produced in such a manner are generally of inferior quality to components

constructed via conventional manufacturing, such as machining on a lathe or using cutting

machines and other numerically controlled machine tools [92]. The improvement and control

over surface roughness remain one of the top priorities in additive manufacturing, as in many

cases, the surface finish of produced parts is not satisfactory enough for general engineering

applications.

Figure 3.12: Staircase effect in additive manufacturing (reproduced from [93])

In terms of surface finish and dimensional accuracy, produced designs differ to a certain

extent from the CAD models from which they were created. This effect is caused by the

tessellation of the original geometry, during which surfaces are approximated by a triangular

mesh irrespective of their curvature. In comparison, traditional manufacturing techniques

utilise a mathematically precise representation of geometries [94]. Tessellated data not only

discretise the surface but may also lead to faults within the file format, which will require

additional modifications in repair software [93].

Another manufacturing error leading to the creation of overly rough surfaces is known as

the staircase effect, illustrated in Figure 3.12. It emerges from the deposition of sliced layers

on top of each other and remains an issue in nearly all of the current functional additive

manufacturing technologies [95]. The staircase effect can, however, be diminished by a proper

adjustment of printing parameters. The layer height contributes significantly to the final
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roughness, and by decreasing it, the surface finish will improve. Although this problem cannot

be completely eliminated, its effects depend on the surface build angle and can, therefore, be

minimized by choosing the optimal value of this variable [96–98].

Although roughness formation is similar across various 3D printing processes, some dissim-

ilarities have been reported. Parts manufactured via extrusion-based additive manufacturing

technologies are usually rougher than the ones produced with liquid resin-type processes, like

SLA [99]. However, the surface roughness achieved through extrusion-based additive man-

ufacturing is more predictable and can be more easily considered during the design phase.

This is essential as surface roughness distribution needs to be modelled before the fabrica-

tion process to optimize the manufacturing procedure and improve the quality of produced

parts [92].

(a) SLA-processed part (b) FDM-processed part

Figure 3.13: Surface profiles of additively manufactured parts parts [100]

Pandey et al. (2003) studied the difference between the surface profile of parts produced

via SLA and extrusion-based additive manufacturing [101]. The surface profile resembles

a rectangular staircase for most layer-based 3D printing technologies, as illustrated in Fig-

ure 3.13a. However, the shape of the ABS filament approximates a parabolic curve, which was

observed during micrometre measurements of an FDM part surface, as shown in Figure 3.13b.

Ahn et al. (2009) observed the same phenomenon by comparing microscopic images of surface

profiles of SLA-processed and FDM-processed parts [100].

It has been suggested that the shape difference occurs due to diverse working principles of

additive manufacturing processes. In the case of FDM, the fabrication process combines layer-

based manufacturing with different thermal energy and surface chemistry processes. Parts are

created by heating a thermoplastic filament to a liquid state, depositing it on the build plate

as it solidifies, and stacking layers next to and on top of each other. Barari et al. (2017) noted
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that processes utilising the phase change of the build material from liquid to solid do not

allow the creation of sharp edges due to surface tensions [95]. On the contrary, subtractive

and cutting procedures lead to the formation of sharp edges.

In the case of PBF additive manufacturing, the surface roughness shape is dominated

by the features of the melt pool rather than by the layer height parameter. There are two

types of roughness of metal parts: primary one occurring due to the solidification of the

melt pool and secondary one induced by partly melted powder particles [102]. Roughness is

affected by the so-called balling effect, during which the melt pool ejects spherical particles

that settle on created surfaces. This phenomenon constricts the creation of sharp geometries

and leads to irregular material deposition onto the former layer, which can lead to porosity

and delamination between layers [103].

Quantifying surface roughness

Several attempts have been made to model the surface roughness created within additive

manufacturing mathematically. Dolence and Makela (1994) were the first to interpret the

staircase effect in terms of cusp height tolerance and use it to determine the optimal layer

height [104]. Other research groups followed the same concept and developed it further [105,

106]. However, this approach assumes a rectangular representation of distributed layers and is

not suitable for extrusion-based additive manufacturing. Ahn et al. (2009) proposed a model

suitable for the FDM process, in which distributed layers have an elliptical shape [100].

Figure 3.14: Determination of the average roughness (Ra) [107]

The average roughness Ra is one of the standard parameters used for surface description

and can be defined as the mean deviation of the distance between the measurement centreline

and the surface profile [58], see Figure 3.14; therefore:

Ra =
1

L

∫ L

0
|y(x)| dx (3.2)
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where L is the measurement length and y(x) is the distance of the measurement point on the

surface profile from the measurement centreline.

Many researchers use Ra to characterise the surface roughness of additively-manufactured

materials and metamaterials. However, it has been argued that this parameter might be too

inexact to properly reflect the character of the measured surface and should be just used as

a point of reference [108]. The main issue with Ra is that entirely different topologies may

have the same average roughness value.

In this work, the average roughness is not considered a suitable surface parameter. There-

fore, it should not be used to draw a link between the acoustic performance of the fabricated

material and the roughness effect. This issue indicates a need to establish a more suitable

parameter for the surface roughness of additively manufactured metamaterials.

Influence of surface roughness on acoustics

In the case of acoustic materials, surface roughness influences the magnitude and operating

frequency of the sound absorption or transmission loss peak, as well as their values at off-

peak frequencies. It is usually used to explain the mismatch between the experimental results

and numerical or analytical predictions [13, 24–26, 109]. For that reason many authors have

analysed the influence of surface roughness on the performance of various acoustic materials.

Cortis and Berryman (2010) performed a numerical investigation on the influence of

fractal-like wall surfaces in porous media on oscillatory fluid flow [110]. The authors demon-

strated that in the intermediate-frequency region, the boundary layer closely follows the con-

tour of the fluid-solid interface. In higher frequencies, on the other hand, the boundary layer

is almost identical to the bounding surface. Moreover, in the fluid region, the phase of the

velocity field is equal to −π/2, which suggests an interia-dominated flow regime. In this fre-

quency region, the thickness of the boundary layer is much lower than the smallest elements

of the pore-fluid surface.

Ning and Zhao (2017) proposed a sound propagation model of a roughened porous mate-

rial, which derived from a model of a smooth porous material [25]. It was established that

increased acoustic impedance and sound absorption occur as a consequence of a rise in viscous

and thermal dissipation of the roughened porous material, which is caused by the presence of

relative roughness. This effect is related to the increase in the flow resistivity ratio, which is

also triggered by the rise in relative roughness. The results of sound absorption were verified

by experimental measurements of the roughened porous material.
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It is understood that pore wall roughness within porous acoustic material leads to a non-

uniform pore network. The non-uniformity increases the tortuosity, reducing the frequency

of the quarter wave absorption resonance in a hard-backed layer as a consequence of lowering

the sound speed within the material. Tortuosity is a measure of pore or streamline curvature

[111] and describes the porous internal structure of the material. The effects of this increased

tortuosity on the acoustic performance are documented in [112–115].

Song et al. (2018) established that the periodic roughness on the inner surface of circu-

lar pipe influences the boundary layer by increasing the viscous dissipation and results in

enhanced pressure reduction [116].

A recent study by Hoppen et al. (2021) concluded that the presence of surface roughness

improved the sound absorption of slit resonators in terms of achieving broader bandwidth

without diminishing the peak value [24]. However, in this study, the transmission loss was

reduced with the rise of the surface roughness, which was explained by increased damping

effects. The experimental sound absorption results matched the analytical model for the

smooth resonator, while the rough resonator showed a mismatch. The actual measured sound

absorption curve had a broader bandwidth, and the peak was located in a higher frequency

region than the analytical curve, which was attributed to the limitations of the analytical

model.

Using surface roughness to improve the performance of acoustic materials

Recently, investigators have examined the effects of introducing surface roughness to the

classical sound absorbers at the design stage to improve their performance.

Xu et al. (2019) performed an analytical and numerical investigation of microperforated

panels with traditional, smooth and altered, roughened perforations [117]. It was determined

that by introducing roughness, the peak absorption coefficient increased its magnitude and

shifted towards lower frequencies. A sound energy dissipation density graph was generated

from the numerical results to understand better the losses occurring in the roughened channel.

It was determined that a periodic change in the sound energy dissipation occurred because of

periodic variations in the channel diameter.

Moreover, the reduction in channel diameter improved friction and energy dissipation in

the system, however, up to a certain point. This was explained by the fact that absorptive

properties depend on the sound wave’s entry energy and the considered channel’s dissipation

capability. Therefore, it is essential to consider both factors as their combination defines
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the real dissipated sound energy and the sound absorption properties. Thus, although the

reduction of the channel diameter leads to a rise in the dissipation ability, this occurs at the

cost of a decrease in the entry sound energy.

Duan et al. (2020) proposed a metamaterial based on a Helmholtz resonator with a periodic

axial roughness applied to its embedded neck and compared its behaviour to a material

based on a traditional neck embedded Helmholtz resonator [118]. The analysed samples were

manufactured using SLA. By comparing the results of the traditional and altered Helmholtz

resonators, it was established that the inclusion of surface roughness improved low-frequency

sound absorption. Both numerical and experimental curves of the modified design shifted

towards lower frequencies and achieved higher sound absorption compared to the traditional

one. Authors suggest that the roughness creates additional, tuneable degrees of freedom in

the system. Therefore, the observed improved sound absorption arose from regulating the

material’s acoustic impedance to meet the impedance-matching condition.

Furthermore, surface roughness enhanced the resonator’s neck’s relative acoustic mass and

relative acoustic resistance. As the authors suggest considering the analysed material as a

spring-oscillator system, an increased acoustic mass and a greater acoustic resistance lead

to lower resonance frequency and enhanced energy dissipation, respectively. Finally, particle

vibration velocity graphs were generated from the numerical results, allowing the comparison

between the smooth and rough necks at their resonant frequencies. In the case of the smooth

neck, most energy dissipation occurred close to the inner wall, and lower losses occurred in

the centre.

On the other hand, high-velocity levels accumulated at every narrow fraction of the rough

neck’s periodic pattern, resulting in concentrated friction between the fluid and the inner

surface, which led to enhanced energy dissipation. The results of this study indicate that

surface roughness causes the periodic concentration effect of vibration velocity, which induces

improvements in the acoustic mass and acoustic resistance of the neck. As a result, acoustic

impedance regulation can be achieved.

3.2.2 Limited geometrical accuracy

Another defect present in all additive manufacturing technologies is the reduced dimensional

accuracy of manufactured parts. In 3D printing, the XYZ resolution of the three spatial

dimensions determines the geometrical accuracy. The XY plane defines the minimum fea-

ture size, while the resolution of the z-axis defines the layer thickness [119]. Therefore, the
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achievable resolution will vary significantly among different 3D printing processes. On the

other hand, other parameters and phenomena specific to different additive manufacturing

technologies affect dimensional accuracy, which will be discussed in this subsection.

In extrusion-based additive manufacturing, the combination of process and design pa-

rameters influences the dimensional accuracy of produced components to a great extent, as

mentioned in Section 3.1.1. Among them, especially crucial is the printing speed. An increase

in printing speed has a detrimental effect on the precision of the FDM process [120]. Moreover,

the nozzle diameter also impacts the geometrical accuracy due to the radial expansion of the

liquified polymer exiting the nozzle [121]. Another issue affecting the dimensional accuracy

of parts produced via extrusion-based additive manufacturing technologies is the shrinkage of

polymer materials, which leads to warping and thermal deformations [122].

3D printers based on photopolymerisation and PBF techniques produce much more ac-

curate parts due to higher resolution. However, in the case of resin-based technologies, the

major drawback of working with photopolymers is the material shrinkage during curing [123].

Other process parameters are also of significance in photopolymerisation-based additive man-

ufacturing, as discussed previously in Section 3.1.2. Mostafa et al. (2017) demonstrated in

their study that exposure time is the most influential process parameter that affects the di-

mensional accuracy of DLP parts [79]. Furthermore, based on the parameter significance

calculation results, they concluded that it has more effect on the print quality than the layer

thickness.

On the other hand, in the latest SLA devices, the layer thickness is usually the most

important, if not the only, parameter that must be consciously set by the user, while the re-

maining parameters can and usually are selected automatically and optimally by the software

depending on the type of photopolymer resin used. This means that in practice, it is the layer

thickness that is responsible for the print quality and accuracy.

The geometrical accuracy of components produced via PBF-based additive manufactur-

ing technologies is impacted primarily by shrinkage and warping, which affects mainly flat

surfaces. In SLS, over-sintering may result in metal powder melting around the determined

points and lead to a loss of dimensional accuracy [119].

3.2.3 Microporosity

The third major 3D printing defect is microporosity, which is present in extrusion and PBF-

based additive manufacturing technologies. It is usually referred to as the porosity of the
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build material. Although the 3D printing process can be optimised to produce nearly fully

dense parts with minimal porosity, this issue cannot be fully eliminated [124].

In extrusion-based additive manufacturing, variations of the internal structures of the 3D

printed parts are caused primarily by the chosen process parameters. The main parameters

affecting the porosity of FDM parts are bead width, air gap [125] and raster angle [126].

Furthermore, polymers used during manufacturing have their own internal composition, which

may also be subject to microporosity [127].

In PBF-based additive manufacturing, microporosity may occur in various forms and

distributions in the 3D printed part because of different underlying causalities leading to its

formation [124]. There are two leading causes responsible for microporosity. First, a lack

of fusion occurs when insufficient energy is applied during the process, which causes a small

melt pool and incomplete melting. The resulting porosity depends mainly on the laser power

and scan velocity [128]. Secondly, the so-called keyhole porosity may develop, which depends

mostly on laser power, scan speed, laser beam profile and its interactions with the powder bed.

When the laser power is too high or the scan velocity is too low, the emerging deep melt pool

with a vapour cavity becomes unstable, creating and leaving rounded pores in the solidified

material [124]. Keyhole porosity is, therefore, predominantly a melt-pool level effect.

From the acoustic point of view, microporosity can be, in fact, very beneficial for 3D

printed sound-absorbing materials as it provides additional losses.

3.3 Influence of additive manufacturing on acoustics

Deviations between numerical results and experimental data with regard to additively man-

ufactured acoustic materials are often attributed partly to manufacturing defects.

These discrepancies typically include the presence of excessive broadband absorption in ex-

perimental results compared to predictions from numerical models, which, in general, tend to

underestimate overall acoustic material performance, although they may sometimes overesti-

mate at (‘narrow-banded’) peaks. More serious deviations result primarily from the mismatch

of the model to the actual sizes of acoustically important dimensions (such as the diameter

of necks, channels or perforations, the width of slits, etc.).

Several studies have investigated the influence of additive manufacturing on the acoustic

properties of fabricated parts.

52



3.3. INFLUENCE OF ADDITIVE MANUFACTURING ON ACOUSTICS

Sakagami et al. (2020) fabricated microperforated panels using FDM [26]. Compared to

theoretical results, experimental curves of sound absorption coefficient shifted towards higher

frequencies and, in two out of three cases, were underestimated in terms of the peak magni-

tude. This was explained by the limitations of the theoretical model assuming homogeneous

surfaces, which in practice was not achieved due to deviations in the geometrical parame-

ters of manufactured microperforated panels. These deviations were caused by the reduced

dimensional accuracy during the manufacturing process.

Sailesh et al. (2021) manufactured microperforated panels with varying perforation cross-

sections using FDM and achieved a good match between the numerical and experimental

sound absorption coefficient values in terms of peak magnitude and frequency position [129].

Nonetheless, the experimental results were more absorbent in lower and higher frequency

regions, which was thought to be caused by failure to fulfil the perfect rigidity and smooth

surface assumptions. The rise in absorbtivity was attributed to viscothermal losses and solid-

fluid friction caused by rough and non-rigid surfaces. Properly optimising print parameters

allowed PLA parts to behave consistently owing to good surface finish, dimensional accuracy

and impeccable layer deposition.

In an investigation into differences between micro-lattices manufactured via FDM with

their idealised, theoretical representation, Boulvert et al. (2020) found that neglecting 3D

printing imperfections reduced the accuracy of the model [130]. One of the considered defects

was the assumption of the perfectly circular filament section, which in reality, had an elliptical

shape. Another issue was the filament section shrinkage occurring during extrusion. Finally,

the filament surface was not perfectly smooth and had some rugosity.

Kumar et al. (2020) produced ventilated acoustic metamaterial window panels using

FDM [131]. The numerical and experimental results of sound transmission loss matched

in frequency. However, measured values were higher than simulated. This was explained by

the surface roughness that was not considered in simulations and could have provided extra

resistance to the incoming sound wave at the wall-air interface.

In a study by Carbajo et al. (2021), the mismatch between numerical and experimental

results of the sound absorption coefficient of macro-perforated porous media fabricated using

FDM was explained by reduced manufacturing accuracy and a finite circular cross-section of

the sample, in contrast to its square-type assumption in the model [132]. Almeida et al. (2021)

produced a metamaterial with symmetrical-coiled-up spaces using FDM [133]. The observed
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differences between numerical and experimental results of the sound absorption coefficient

were attributed to the surface roughness of the internal walls of the symmetrical coiled-up

spaces.

Kennedy et al. (2019) compared experimental and numerical values of the sound absorption

coefficient of a periodic porous structure fabricated using FDM, SLA, DLP and SLM [13]. The

observed deviations were explained by distorted geometric accuracy and surface roughness.

The most considerable discrepancies were observed for the FDM sample, while SLM and SLA

samples were in close agreement with the numerical models.

In order to determine the reproducibility of additive manufacturing, Zielinski et al. (2020)

compared the performance of periodic porous material fabricated using various technologies

in several European laboratories and research institutes in a round-robin test [14]. The dis-

crepancy in sound absorption coefficient between samples fabricated by different institutions

could be caused by varying manufacturing quality and the presence of 3D printing defects

(surface roughness, microporosity of print material, material stringing in voids), the quality

of the fit adjustment of the sample to the diameter of the impedance tube, the cylindrical cut

of the sample, which was defined on a cubical unit cell.
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Additive manufacturing assessment
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4.1 Introduction

This chapter examines the influence of the additive manufacturing process on the acoustic

performance of the 3D printed material. For this reason, three distinctive additive manufactur-

ing processes were chosen for comparison: extrusion-based FDM, photopolymerisation-based

MSLA and PBF-based SLM. 3D printed parts are always subject to surface roughness and

other defects, irrespective of the applied production method, as discussed previously in Sec-

tion 3.2, although in the case of some 3D printing technologies (e.g. SLA) and raw materials

(resins), the surfaces of manufactured parts can be relatively smooth. However, the extent

of these issues varies among additive manufacturing processes, leading to the difference in

sound absorptive properties of the same geometrical design manufactured using different 3D

printing techniques. Here, a very important issue is the accuracy and quality of the geometry

mapping by different technologies.

To investigate the relative impact of surface roughness and other 3D printing defects on

the acoustic performance of additively manufactured materials, a benchmark porous material,

called ‘DENORMS’, described in detail in Section 1.2.1, was fabricated using three different

3D printing machines: FDM-based Prusa Mini, MSLA-based Elegoo Mars and SLM-based

Systems Prox DMP 200, using standard layer heights utilized in these technologies (which will

be discussed later). Two types of samples were produced, suitable for investigating surface

topology and acoustic properties. A combination of numerical and experimental approaches

was used in the data analysis.

4.2 Additive manufacturing

To evaluate the strengths and weakness of each of the considered additive manufacturing

technologies, two sets of samples were fabricated using the default print settings recommended

by the 3D printers’ manufacturers: (1) cylindrical samples (see Figure 4.1a), which are suitable

for sound absorption measurements, (2) cross-sectional samples (see Figure 4.1b) which are

suited for surface quality inspection.

This chapter is based on a conference paper: A. Ciochon, J. Kennedy, and M. Culleton. Evaluation of
surface roughness effects on additively manufactured acoustic materials. In Proceedings of ISMA2022 Inter-
national Conference on Noise and Vibration Engineering, USD2022 International Conference on Uncertainty
in Structural Dynamics, Leuven, Belgium, 2022
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(a) Suitable for sound absorption testing (b) Suitable for confocal microscope testing

Figure 4.1: Additively manufactured samples left to right:
SLM (metallic), MSLA (grey), FDM (white)

Standard layer heights for each of the three processes were used during the fabrication of

parts; these are: 0.10, 0.15, 0.20 and 0.25 mm (FDM), 0.03 and 0.05 mm (MSLA) and 0.03 mm

(SLM). The main printing parameters for these processes are summarised in Table 4.1. The

FDM samples presented in this chapter were manufactured using standard printing settings

before implementing parameter modifications discussed in Appendix D.

Parameter Value

FDM
Layer height 0.10, 0.15, 0.20, 0.25 mm
Nozzle temperature 195◦C
Bed temperature 60◦C
Fill density 15 %
Infill printing speed 80 mm/s

MSLA
Layer height 0.03, 0.05 mm
Exposure time 2.5 s
Bottom exposure time 30 s
Lifting speed 80 mm/min
Retract speed 210 mm/min

SLM
Layer height 0.03 mm

Table 4.1: 3D printing parameters for different additive manufacturing technologies

For each of the chosen layer heights, three cylindrical samples were manufactured to

account for the repeatability of the additive manufacturing process. Each of these samples

corresponded to a six-cell deep array. Figure 4.1 depicts only a subset of samples and layer

heights used within this study.
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4.3 Non-destructive testing

Several non-destructive testing (NDT) techniques were implemented in this study as inspec-

tion methods for the quality control of fabricated parts. They provided an in-depth insight

into the surface quality and were a valuable tool for assessing external and internal component

properties.

4.3.1 Digital microscopy

A qualitative assessment was carried out using digital microscopy. The Dino-Lite Premier

AM7013MT digital microscope was used to capture close-up pictures of the surface of both

samples. The machine has a 5-megapixel sensor and can magnify up to 200 times magnification

with a resolution of up to 2592x1944.

FDM

(a) Cross-sectional sample (b) Top of a cylindrical sample

(c) Surface finish of cavities (note filament fibres) (d) Filament blobs

Figure 4.2: Digital microscopy: FDM
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Microscopic images of cylindrical and cross-sectional FDM samples manufactured with an

exemplary layer height of 0.10 mm are illustrated in more detail in Figure 4.2. Figure 4.2a,

which depicts an exemplary cross-sectional sample at close range, indicates that the FDM

printer had issues correctly capturing geometry. The sphere’s radius was measured to be 2.21

mm, whereas it was set to be 2.25 mm in the CAD software. The printer succeeded better

at creating cylinders, in the case of which the diameter was achieved at 1.95 mm, whereas it

was set to be 2 mm. No technology is able to map the CAD model geometry precisely, and

FDM is perhaps the one which produced the largest discrepancies. The expert knowledge of

the type and size of these errors should allow for necessary corrections after or even before

the 3D printing process.

Figure 4.2b shows the top of the cylindrical sample and reveals the unevenness of the

surface. Adjacent roads are visible as some dust gets trapped in between. However, the

distance between neighbouring cells falls slightly below 5 mm. Figure 4.2c illustrates the

presence of filament fibres trapped in air cavities, which is another issue in FDM, reported

previously in [14]. Such fibres will improve sound absorption of the 3D printed materials,

and recent studies show that they are reproducible on the same 3D printers by using the

same ‘incorrect’ choice of process parameters and raw materials. In Figure 4.2d, a significant

difference between curvatures created vertically can be observed. The lower arch is created

accurately. However, the upper, unsupported one is made of uneven filament blobs, which

highly exceed the set layer height and cause shape deformation.

MSLA

Microscopic images of cylindrical and cross-sectional MSLA samples manufactured with an

exemplary layer height of 0.05 mm are illustrated in more detail in Figure 4.3. The cross-

sectional sample’s close-up image, shown in Figure 4.3a, reveals that uneven geometrical

distortion occurs during post-processing of the photosensitive resin. The inner sphere of the

DENORMS design underwent shrinkage to a similar extent as the FDM sample - with a

radius of 2.22 mm instead of 2.25 mm set in CAD. On the other hand, the cylindrical shape

experienced slight expansion - with a diameter of 2.06 mm instead of a set 2 mm.

Figure 4.3b illustrates the top of the cylindrical sample. The surface finish is relatively

smooth, having only a few shallow scuff marks. Furthermore, holes have a smooth surface

finish and an even spherical shape. The distance between adjacent unit cells is measured as

5 mm.
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(a) Cross-sectional sample (b) Top of a cylindrical sample

(c) Surface finish of cavities (d) Spherical curvature finish

Figure 4.3: Digital microscopy: MSLA

The inner surface of the unit cell is shown in Figure 4.3c. Although the surface finish is

much better than in FDM, the individual layers can still be observed.

Figure 4.3d depicts the spherical curvature of the DENORMS cell. A difference in the

quality of the curve printed in the vertical orientation can be observed. The upper part of

the sphere is rugged and rough, whereas the lower part has an almost even surface finish.

SLM

Microscopic pictures of cylindrical and cross-sectional SLM samples manufactured with a

layer height of 0.03 mm are illustrated in Figure 4.4. Figure 4.4a shows a close-up of the

cross-sectional sample and displays the geometrical accuracy of the printer in capturing the

set CAD drawing. The diameter of a cylinder was measured at 1.95 mm, whereas it was set

to be 2 mm in the CAD model. In the case of the sphere, the radius was achieved at 2.21

mm, whereas it was set to be 2.25 mm.

60



4.3. NON-DESTRUCTIVE TESTING

(a) Cross-sectional sample (b) Top of a cylindrical sample

(c) Surface finish of cavities (see satellite particle) (d) Satellite particle

Figure 4.4: Digital microscopy: SLM

Figure 4.4b displays the top of the cylindrical sample. As can be seen, the distance

between adjacent cells falls below the set 5 mm, which can be caused by the distortion of

cylinder heights. The roughness of the inner cavities is shown in Figure 4.4c. It is due to

powder grains and related to the grain size. It should also be noted that the cylindrical

samples underwent sanding on the outside face to fit better into the sample holder of the

impedance tube.

A satellite particle can be spotted on the surface of the cavity in the upper left corner.

Figure 4.4d shows it in more detail. Satellite particles result from the balling effect, during

which the melt pool ejects spherical particles that settle on surfaces. These particles create

local, relatively large-scale features which are randomly distributed around the inner surfaces

of the cells. However, they are quite rare.
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4.3.2 Confocal microscopy

The surface quality of manufactured cross-sectional samples was investigated using an auto-

mated, 3-axis measurement system developed in-house in Trinity College Dublin, as illustrated

in Figure 4.5.

The inspected part is attached on top of a motorized XY stage, which moves across

the pathway of a Keyence CL-PT010 chromatic confocal sensor (spot diameter of ø 3.5 µm,

linearity of ±0.22 µm and resolution of 0.25 µm). The acquired 2D line scans can be used for

surface roughness calculations and dimensional accuracy evaluation.

Figure 4.5: Confocal microscope

FDM

Surface profiles obtained using the confocal microscope for FDM samples with different layer

heights are shown in Figure 4.6. Each profile was acquired by combining two separate mea-

surements with the measurement centreline set at different heights to cover the whole unit

cell.

Since the considered cross-sectional samples were manufactured in a vertical direction, it

can be seen that the geometric fidelity depends on whether the printer was creating a bottom

or a top part of the DENORMS cell inner cavity.

A noticeable difference between the sphere’s left-side (top) and right-side (bottom) arches

is observed. The upper surfaces of the sphere are unsupported overhangs, and all print

processes will have difficulty creating this geometry with the accuracy also influenced by the

layer height. Lower values of the layer height will improve the geometry accuracy.
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(a) 0.10 mm LH

(b) 0.15 mm LH

(c) 0.20 mm LH

(d) 0.25 mm LH

Figure 4.6: Confocal microscopy: FDM
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MSLA

Surface profiles obtained for MSLA samples produced using two layer heights are illustrated

in Figure 4.7. Compared to the FDM profiles, MSLA profiles are almost smooth. However,

a noticeable geometrical distortion can be observed regarding both the shape and the dimen-

sional accuracy. Furthermore, the difference between the sphere’s left-side (top) and right-side

(bottom) arches is even more substantial than for the FDM samples. Moreover, the created

geometry has undergone shrinkage, a primary issue of this print process. As a result, the

dimensions are smaller than those specified in the input CAD file. This shrinkage is affected

by the part’s geometry and may be greater in the confocal microscope samples due to the

sizeable contiguous volume.

(a) 0.03 mm LH

(b) 0.05 mm LH

Figure 4.7: Confocal microscopy: MSLA

SLM

The surface profile obtained for the SLM sample is shown in Figure 4.8. SLM profile is rougher

than the MSLA one. However, better dimensional accuracy was achieved. The main cause

of surface roughness in SLM is the powder grains, and the roughness should be related to

their size. The grains are sintered, so they form a rough texture on surfaces. In the SLA
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technology, the structure is solidified from liquid (photopolymer resin), so one may expect

smoother surfaces even in the MSLA technology. The upper and lower arcs of spherical pores

are almost identical in the case of SLM samples (see Figure 4.8). This is because 3D printing

takes place in a powder bed, i.e. overhanging structures are supported by powder.

Figure 4.8: Confocal microscopy: SLM - 0.03 mm LH

4.3.3 CT scanning

The internal structure of additively manufactured samples was examined using the Nikon XT

H 225 ST industrial computed tomography (CT) system available at Trinity College Dublin.

The scan had an 8 µm pixel resolution.

The cylindrical sample manufactured via FDM was the only one fully scanned. For prac-

tical reasons (length of the process, the inability of the CT scan to penetrate fully inside the

metal cylinder produced via SLM), in addition, smaller cubical lattices were produced. They

are composed of one whole, central DENORMS cell and trimmed adjacent cells, as illustrated

in Figure 4.9.

(a) CAD model (b) FDM (blue) and MSLA (grey) samples

Figure 4.9: Cubical DENORMS lattice
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In the case of SLM, an electrical discharge machining (EDM) cutting was used to extract

a central segment of the cylindrical sample so the CT scan could easily penetrate the metal

structure. Corresponding lattices were manufactured using FDM and MSLA; see Figure 4.9b.

These arrays were fabricated using the following layer heights: 0.1 mm (FDM), 0.05 mm

(MSLA) and 0.03 mm (SLM).

FDM

(a) Top slice (b) Front

Figure 4.10: CT scanning: FDM (entire cylinder)

The exemplary top and front slices of the cylindrical sample based on the DENORMS

periodic cell produced via FDM are displayed in Figure 4.10; their respective locations within

the sample are shown in the lower right corner of each scan. It is worth noting that discon-

tinuities at the edges of spheres unintentionally connect the DENORMS pore network with

the small voids (micropores) within the 3D printed skeleton, which is depicted at the close-up

in Figure 4.10a. The microporosity of FDM specimens is influenced by the chosen process

parameters, such as raster orientation [126]. The top slice shown in Figure 4.10a shows the

internal infill pattern set in the slicing software to 15%. This is the minimum design value,

and in practice, the filling is much higher than 15%.

The exemplary top and front slices of the DENORMS lattice produced via FDM are

shown in Figure 4.11. Figure 4.11a shows a horizontal slice of the sample. This orientation

of the cross sections corresponds to an image within a single print layer. It can be seen that
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(a) Top slice (b) Front slice

Figure 4.11: CT scanning: FDM

FDM parts are characterized by delamination between adjacent filament roads. Furthermore,

discontinuities at the surface’s edge connect the DENORMS pore network with small air

cavities (crevices) branching deeper inside the skeleton. Figure 4.11b illustrates a vertical

slice of the lattice. This orientation of the cross sections corresponds to an image across many

layers of the print. The skeleton of the FDM sample is relatively porous, and delaminated

beads connect the DENORMS pore network with small voids. Moreover, filament fibres are

trapped within the main spherical pore.

MSLA

(a) Top slice (b) Front slice

Figure 4.12: CT scanning: MSLA

67



4.3. NON-DESTRUCTIVE TESTING

The exemplary top and front slices of the DENORMS cubical lattice produced via MSLA

are shown in Figure 4.12. The horizontal slice shown in Figure 4.12a displays the interior of

an MSLA part that is almost perfectly solid. Moreover, all the edges are smooth and mapped

coherently. It should be pointed out that the noticeable circular pattern, or so-called ring

artefacts, is a result of the rotation of the part and the back projection during CT scanning.

The vertical slice illustrated in Figure 4.12b shows the difference between the fidelity of the

spherical pore in MSLA. The print technology successfully produced a smooth surface finish

on the lower part of the sphere. However, that changes to a slightly rough surface in the

upper part of the sphere, which is depicted in the close-up in Figure 4.12b. Although some

discontinuities are occasionally present in the solid part, they do not seem connected to the

main pore network, which means that the 3D printed skeleton, and in particular its surfaces,

are impermeable.

SLM

(a) Top slice (b) Front slice

Figure 4.13: CT scanning: SLM

The exemplary top and front slices of the DENORMS cubical lattice produced via SLM

are depicted in Figure 4.13. The SLM part’s horizontal slice illustrated in Figure 4.13a is

subject to flaws similar to the FDM sample. Similarly, there are discontinuities present that

connect the bulk to small inner voids (micropores) inside the 3D printed structure. This is a

very important issue because significant microporosity in the skeleton can lead to a material

with double porosity.
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Another issue is the rough finish of the edges and all surfaces as a result of sintering the

structure from grains of metal powder. Moreover, spherical satellite particles can be spotted

in certain regions. The vertical slice illustrated in Figure 4.13b shows additional satellite

particles on the surfaces.

Microporosity analysis

Finally, the CT scanner was used for the microporosity analysis of the SLM sample with the

aim of acquiring a general overview of the extent of this defect. Therefore, only an exemplary

cuboid volume was chosen for the examination. Its location within the sample is illustrated

in Figure 4.14

Figure 4.14: CT scanning: microporosity analysis (location within the sample)

The results of the microporosity analysis within the examined cuboid are illustrated in

more detail in Figure 4.15. The colourmap legend on the left side of the scan indicates the

volume of the micropores. Most of the micropores within the cuboid are shown in blue,

meaning they have a small volume and, therefore, are not interconnected with each other.
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However, the micropore shown in red has a substantial volume resulting from the interlinking

of neighbouring micropores, which likely occurs due to surface discontinuities.

Figure 4.15: CT scanning: microporosity analysis

The microporosity within the analysed cuboid is 13.74%. This value is rather low compared

to, for example, microporosities of about 44% found in structures 3D printed from gypsum

powder, see [27]. The value of the microporosity should not affect the acoustic behaviour of

the produced samples as long as the additive manufacturing process would produce sealed

surfaces. However, the slices of the sample discussed previously in Section 4.3.3 revealed that

this is rather not the case for FDM and SLM samples.

In general, based on microscopic observations (some of which are presented in this section),

it is concluded or expected that: (a) The voids in the skeletons of FDM samples are larger

than the voids (micropores) in the skeletons of SLM samples. (b) Most of these voids and

micropores are closed or only form local micropore networks that are isolated and unconnected

to the main pore network based on the DENORMS design. (c) However, some micropore

networks are connected with the main pore network: through cracks (crevices) in the surface

of FDM samples or open micropores in parts of the surface of SLM samples. This may lead
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to limited heterogeneous double porosity, which is difficult to model due to this heterogeneity

since only some unspecified parts of the skeleton are significantly microporous, while others

are impermeable (i.e. may only have closed microporosity).

It should also be noted that the possible local double porosity may differ significantly

between FDM samples and SLM samples. This is because the internal voids in the skeleton

of FDM samples are larger, so the permeability contrast to the main pore network is smaller.

Such double porosity should influence the overall viscous permeability and tortuosity of the

samples and lead to a change (increase) in the viscous dissipation effects. However, in the case

of the SLM samples, the skeleton contains genuine micropores that are much smaller than the

main spherical pore and cylindrical channels of the DENORMS design. This should result in

a high permeability contrast between both networks, meaning that viscous flow (and there-

fore dissipation) in the micropores is negligible, but a new phenomenon of pressure diffusion

occurs, which introduces a new, powerful mechanism for dissipating acoustic wave energy.

Unfortunately (from the point of view of the acoustic material performance) or fortunately

(from the point of view of acoustic modelling), due to the limited presence of double porosity,

the above effects do not seem significant and are neglected in the modelling.

4.4 Acoustic evaluation

A combination of numerical and experimental techniques was applied in this study to perform

the acoustic analysis. The assessment was done by comparing the numerical results of a

smooth idealised geometry of a periodic DENORMS unit cell with the experimental results of

the samples manufactured based on this geometry using three different additive manufacturing

technologies.

The DENORMS cell, described in detail in Section 1.2.1 and shown in Figure 4.16a, is

the solid skeleton of the structure arranged into a three-dimensional array and additively

manufactured. The internal structure of the individual unit cell is illustrated in Figure 4.16b.

The array of air-saturated spheres linked by cylindrical channels resulting from assembling

the unit cells into a lattice forms a periodic pore network considered in the numerical model.

In this investigation, the numerical model is based on the smooth, idealised geometry of

the pore network inside a single unit cell. The geometry of such an individual DENORMS

cell used for the computational modelling is depicted in Figure 4.16c.
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(a) Unit cell (b) Inner structure (c) Pore network (single cell)

Figure 4.16: DENORMS benchmark design

4.4.1 Viscothermal acoustics

The numerical simulations were carried out using a commercial finite element analysis software

package, COMSOL Multiphysics. The Thermoviscous Acoustics interface available within

COMSOL 6.1 is a suitable modelling tool for acoustic systems with small geometric dimen-

sions, such as metamaterials and porous materials. In those cases, viscous and thermal losses

occurring within the boundary layer must be considered to capture the physics accurately.

The Thermoviscous Acoustics interface within COMSOL uses direct, fully coupled mod-

elling, which is not based on a homogenization approach. It uses the linearised version of

the Navier Stokes equations with linear acoustics (by default) and an ideal gas assumption.

The modelling strategy implemented in this study has been previously described in [13, 21].

The time-harmonic variation is assumed, using the e+ȷωt convention, and the corresponding

equations of the continuity, momentum and energy conservation for viscothermal acoustic

fluid are, respectively:

ȷω
ρ

ρ0
+ (∇ · u) = ȷω

(
p

p0
− T̃

T0

)
+∇ · u = 0 (4.1)

ȷωρ0u = ∇ ·
[
−pI+ µ(∇u+∇uT̃ )− (

2µ

3
− µb)(∇ · u)I

]
+ F (4.2)

ȷω(ρ0CpT̃ − T0α0p) = −∇ ·
(
−k∇T̃

)
+Q (4.3)

where the dependent variables are the complex amplitudes of pressure p, velocity u, tempera-

ture T̃ and fluid density ρ. F and Q represent a volume force and a heat source, respectively.

72



4.4. ACOUSTIC EVALUATION

I is the second-order identity tensor represented in orthogonal systems by the 3 x 3 identity

matrix, and µ and µb are the dynamic and bulk viscosity of the fluid, respectively, while

ρ0 and T0 are the equilibrium density and temperature. Finally, Cp is the heat capacity at

constant pressure, and k is the coefficient of thermal conduction of the fluid (which in this

work is air).

Following Stokes’s assumption, the bulk viscosity for a Newtonian fluid µb is omitted and

set to zero because of its negligible contribution to the total dissipation. It is also possible to

set this value to µb = 0.6× µ, which will be discussed in the Appendix C.

In the ideal gas case, the following relationships can be derived from the state equation

p = ρR̃T , where R̃ is the universal gas constant and βT the isothermal compressibility.

βT =
1

p0
α0 =

1

T0
(4.4)

ρ = ρ0

(
p

p0
− T̃

T0

)
= ρ0

(
βT p− α0T̃

)
(4.5)

Viscous and thermal boundary layers are created during sound propagation in a fluid

surrounded by walls. Their thicknesses, δv and δt, respectively, are given by the following

formulas:

δv =

√
2µ

ωρ0
(4.6)

where µ is the dynamic viscosity, ω is the angular frequency and ρ0 is the density of air.

δt =

√
2k

ωρ0Cp
(4.7)

where Cp is the heat capacity at constant pressure and k is the coefficient of thermal conduc-

tion.

4.4.2 Model configuration

The model of six layers of the unit cell was created with a smooth surface finish, as shown in

Figure 4.17. Geometric symmetries were exploited to reduce the computational cost associ-

ated with thermoviscous modelling. Therefore, only quarters of the cells were modelled with

the appropriate symmetric boundary conditions applied to the symmetry planes. Symmetry
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conditions were also applied to the semicircular boundaries of fragments of cylindrical chan-

nels because they are also symmetrical planes of a material that is infinitely periodic in these

directions.

Figure 4.17: Model set up of the 6 layer deep DENORMS cell

A multiphysics coupling between thermoviscous and pressure acoustics was used in the

models and applied on the rectangular interface between the orange domain and the light-blue

one (the latter is modelled using the Helmholtz equation for an inviscid acoustic fluid), as

shown in Figure 4.17. An inlet manifold (the light-blue cuboidal domain) with a thickness of

1.5 mm was created as a waveguide. A plane wave loaded with a unity pressure excitation, pi,

was imposed at the inlet to the waveguide. The transition to a full viscothermal formulation

occurred within the waveguide. That allowed capturing losses at the entry to the cell.

Most of the boundaries were solid walls. Moreover, a hard wall termination was set at the

end of the periodic structure. On these walls, at the solid-fluid interface, we have no-slip and

isothermal boundary conditions. While this thesis treats these surfaces as rigid walls, it would

be possible to account for the 3D printing microporosity effects by applying the impedance

boundary condition to these surfaces instead of treating them as hard walls. It should be

noted that determining the accurate impedance values poses a significant challenge. In FDM

and SLM, it is difficult to quantify where and how the voids (micropores) are connected to the

main pore network. In these samples, microporosity is present; however, it is usually closed

from the main pore network.

The governing equations were discretised using second-order Lagrangian elements with

quadratic shape function interpolation for the velocity field and temperature nodal variables.

Linear interpolation was used for the pressure variable. The viscous boundary layer thickness

was used as a meshing parameter closed to the solid walls (see Figure 4.17) in the simulations
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considered in this study. The meshes comprised tetrahedral elements for the bulk and sweep

elements for the boundary layer.

4.5 Results and discussion

Figure 4.18 presents experimental results plotted against the numerical curve of the theoreti-

cal, smooth model. The numerical model underestimates the sound absorption in comparison

to the experimental curves obtained for 3D printed samples manufactured using various print

processes. In general, for FDM and SLM, the sound absorption coefficient rises with the

increase in the layer height. Furthermore, the position of the peak moves towards lower fre-

quencies. What is interesting in this data is that MSLA prints do not follow this trend. The

magnitude of the MSLA experimental curve is closest to the numerical values. Moreover, the

position of the peak moves towards higher frequencies. In the case of all experimental curves,

broadband absorption can be observed in lower and higher frequencies that is not present in

the numerical curve.

Figure 4.18: Experimental and numerical results of the sound absorption coefficient
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These results are likely to be related to the individual characteristics of the processes

used in each additive manufacturing technology. In the case of FDM and SLM, CT scans

revealed discontinuities at the edges connecting the main pore network to small cavities and

micropores within the solid walls. The excess sound absorption could be related to the rise

in microporosity, which is also linked to the increase of layer height that can lead to greater

delamination.

Distinctive features are present for each of these print processes. For FDM, thin material

strings introduce fibrous material into the resonator cavity volumes. These fibres are likely to

produce a more broadband acoustic behaviour. In the case of SLM, although this technology

achieves the highest precision, a rough surface finish is an inevitable effect of utilising metal

powder. In addition, the satellite particles are distributed randomly on printed surfaces.

These additional, relatively large-scale features on exterior parts will disrupt the visco-thermal

boundary layer development and potentially lead to enhanced acoustic losses in the material.

Interestingly, MSLA behaved differently than other additive manufacturing technologies.

The lowest experimental absorption can be attributed to the smoothest surface finish and

lack of porosity due to discontinuities at the edges. On the other hand, CT scanning and

confocal microscopy revealed a considerable dependency of the position along the z-axis on

the geometrical fidelity of the produced spheres. There are noticeable differences between the

bottoms and tops of spheres. This issue results in lower dimensional accuracy, which could

explain the peak shift towards higher frequencies, unlike the FDM and SLM samples and the

smooth numerical model.

It is important to remember that each experimental curve was plotted as an average of 9

separate measurements, and the error bars represent the standard deviation of the data set.

Intrinsic losses in the impedance tube produce a systematic error in addition to the error bars

(see hard wall measurement in an empty impedance tube in Figure E.3). This impact of the

impedance tube itself was not calibrated out of the data.

It should also be noted that various methods were employed to find a perfect fit in the

importance tube for different types of experimental samples. For FDM, multiple printing

attempts were made to determine the optimal diameter for the cylindrical sample. In contrast,

MSLA samples underwent sanding, while SLM samples were subjected to machining processes

to attain the desired fit.
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From the numerical point of view, corrections of pore network dimensions to their actual

values, especially for key dimensions, are crucial. In this case, it is the actual diameter of

the cylindrical channel (pore diameter is less important but should also be corrected as it

affects the porosity). The channel diameter strongly influences the viscous permeability and

the characteristic viscous length - two key parameters of (dynamic) flow through a porous

medium and the resulting viscous dissipation of acoustic wave energy.

The discrepancy between experimental and numerical results could be decreased by incor-

porating 3D printed tolerances, as measured using digital microscopy, to update the numerical

model. Section 4.3.1 showed that cylindrical channels have larger diameters in materials 3D

printed using MSLA technology than in the case of FDM or SLM technologies. However, these

differences were not taken into account during the numerical modelling. It was decided that

the additive manufacturing assessment would be carried out by comparing the experimental

results from physical samples, constructed based on CAD models with specified dimensions,

to the numerical results derived from COMSOL models replicating the exact geometries of

these CAD models. Therefore, all curves shown in Figure 4.18 were obtained for the same

geometrical dimensions of the unit cell (as per Figure 1.2).

4.6 Conclusions

This study set out to assess three distinctive additive manufacturing technologies: extrusion-

based FDM, photopolymerisation-based MSLA and PBF-based SLM, and investigate the

influence of 3D printing on the acoustic performance of a benchmark design.

This study has shown that the additive manufacturing process influences the experimental

results compared to numerical predictions. In the experimental results, the sound absorption

coefficient increases and a shift of the peak frequency and broadband absorption in lower and

higher frequencies can be observed.

The experimental results of FDM and SLM samples showed similar trends. MSLA samples

behaved differently. By investigating the physical features of different samples through a com-

bination of NDT techniques, it was also shown that this is due to the individual characteristics

of each additive manufacturing process.

The issues present in FDM samples were discontinuities at surfaces and edges, microp-

orosity, roughness due to the layer height, and filament fibres. The problems of SLM samples

included discontinuities at surfaces and edges, microporosity, and roughness due to the us-
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age of metal powder and locally due to satellite particles. MSLA samples were not subject

to discontinuities at edges and microporosity. They also had the smoothest surface finish.

However, MSLA samples were affected by lower dimensional accuracy (varying build quality

along the z-axis) and the influence of post-processing (material shrinkage and expansion).

Much higher quality of geometry mapping is often reported in the case of acoustic material

samples manufactured using SLA technology. The lower quality observed in this study may

be related to the specific 3D printer and/or resin used for 3D printing the samples and/or

MSLA technology.

Generally, the deviation between numerical and experimental results occurs due to rough

surface finish, geometric accuracy, and microporosity. The optimal design of acoustic materials

for additive manufacturing must consider these features. It is also clear that even a relatively

simple concept, such as the DENORMS cell, will never have an equal performance when

produced across these different print processes.

Some of the 3D printing defects enhance the acoustic performance of the manufactured

material. Despite this improvement in the magnitude of the acoustic absorption, none of the

produced designs operated at the target frequency, with deviations of as much as 200 Hz

observed. This discrepancy is mainly due to the fact that the geometry used for numerical

calculations assumed uncorrected diameters of cylindrical channels and spherical pores that

were in the CAD model used for 3D printing. The most important dimension here is the

channel diameter. In any case, if these values were corrected (which is not easy as differ-

ent corrections are needed for different 3D printing technologies and materials), the target

peak absorption frequency could better match the predictions, at least for samples without

additional effects introduced by microporosity and/or small fibres.

Corrections to the actual values of important dimensions (such as channel diameters, slit

widths, pore diameters and, therefore, the resulting porosity) can be taken into account during

the CAD model preparation process, provided that they have been determined for a specific

3D printer and material, which is possible to some extent, but not easy. This is an important

issue for future research that should consider more additive manufacturing features when

designing an acoustic material.
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Surface roughness investigation
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5.1 Introduction

This chapter aims to provide a better understanding of the effects of the additive manufac-

turing process on the acoustic performance of fabricated materials. Previous research has not

included surface roughness arising from the layer-by-layer fabrication technique during com-

putational modelling. The presence of the staircase effect was commonly used to explain the

lack of good agreement between theoretical and experimental results, as described in detail

in Section 3.3. In these cases, a direct link from the surface roughness effect to the deviation

between numerical and experimental results was not established, leaving the possibility of

other contributing factors open.

Approaches targeting the issue of surface roughness include applying additional post-

treatment to smooth the materials’ surfaces and thereby bring the actual surface topology

closer to the numerically assumed surface. Zhang et al. (2021) investigated the effects of

applying a Polydimethylsiloxane (PDMS) coating post-treatment to a 3D printed projection

micro-stereolithography (PµSL) metamaterial structure to reduce the surface roughness [134].

Before this treatment, the surface roughness diminished the transmission performance and

caused a mismatch between numerical and experimental results. With the improvements in

surface morphology, which resulted from smoothing the rough surface finish, the transmission

coefficient curve shifted closer to the numerical one.

To the author’s knowledge, there has been little attempt to include the effects of manu-

facturing at the material design stage. Although some authors advise, for example, to take

into account the expected change in the crucial dimensions of 3D printed designs [135], which,

of course, requires previously acquired experience-based knowledge of the typical corrections

required. However, there are no standardised procedures that take surface roughness into

account. This would require their inclusion in the numerical model to match the numerical

prediction to the experimental value using direct modelling. Such work has been done in

2D [130]. Other works focused on achieving a match between numerical and experimental

curves by utilising the equivalent fluid model approach [136].

This chapter is based on a published article: A. Ciochon, J. Kennedy, R. Leiba, L. Flanagan, and M.
Culleton, “The impact of surface roughness on an additively manufactured acoustic material: An experimen-
tal and numerical investigation”, Journal of Sound and Vibration, vol. 546, p. 117434, Mar. 2023, doi:
10.1016/j.jsv.2022.117434.
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Surface roughness, as well as many other imperfections of 3D printing, usually increase

the performance (e.g. sound absorption) of the acoustic material. Therefore, a reasonable

approach should be to take these effects into account during the modelling and design process

rather than using post-processing to remove roughness or other favourable imperfections.

This study investigates and quantifies the influence of surface roughness on the acoustic

performance of a benchmark porous material produced via an extrusion-based additive man-

ufacturing process. This represents the first step towards designing acoustic materials at the

unit cell level in a manner which exploits the additive manufacturing process for improved

performance.

The DENORMS benchmark design was fabricated using an extrusion-based Prusa Mini

FDM 3D printer using four standard layer heights: 0.10, 0.15, 0.20 and 0.25 mm. Corre-

sponding samples of the structures’ cross-sections were manufactured for confocal microscope

measurements to obtain the actual surface profiles of parts fabricated with four different layer

heights. A combination of numerical and experimental approaches was used in the data anal-

ysis. The results of numerical models with geometries equivalent to four layer heights were

compared to the results of an ideal structure with a perfectly smooth surface finish and to

the experimental results of samples manufactured with four corresponding layer heights.

5.2 Additive manufacturing

(a) Smooth (b) 0.10 mm (c) 0.15 mm (d) 0.20 mm (e) 0.25 mm

Figure 5.1: (a) Smooth CAD model of the DENORMS benchmark design and (b,c,d,e) its
sliced versions produced by PrusaSlicer software using different layer heights

81



5.2. ADDITIVE MANUFACTURING

Four different layer heights, namely 0.10, 0.15, 0.20 and 0.25 mm, were set during the

slicing of the part for additive manufacturing. The comparison between the theoretical rep-

resentation of the smooth and rough DENORMS cells is illustrated in Figure 5.1.

The analysed material samples consisted of six layers of the unit cells and were man-

ufactured as cylinders (diameter 40 mm and height 6 x 5 mm = 30 mm) suitable for the

impedance tube measurements, with extrusion-based FDM 3D printer Prusa Mini (0.4 mm

nozzle diameter) using PLA. The default print settings were adjusted to minimise the issue

of filament stringing, described in the previous chapter, in Section 4.3.1, because the surface

roughness arising from the staircase effect was the primary subject of this investigation. More

details regarding the quality improvement of FDM parts and the information on the modified

process parameters can be found in Appendix D.

The printing parameters were as follows: the extruder temperature was 195 ◦C, the perime-

ters printing speed was 40 mm/s, and the infill printing speed was 80 mm/s. In addition, in

the slicing software PrusaSlicer, the retraction length was set to 2 mm, retraction lift z to 0

mm, retraction speed to 50 mm/s and detraction speed to 30 mm/s. Moreover, the ‘Avoid

crossing perimeters’ feature was enabled. The filament was also put into the dry box to min-

imise the possible negative impact of the room temperature and humidity. Each sample was

fabricated three times (A, B, C) to ensure the manufacturing process’s repeatability.

(a) Sample (b) Microscopic image

Figure 5.2: 0.15 mm layer height FDM sample (optimised print parameters)
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5.2.1 Visual inspection

A sample manufactured with an exemplary layer height of 0.15 mm is shown in Figure 5.2a.

From the magnified image of the detail of this sample shown in Figure 5.2b, it can be seen

that for the layer height set to 0.15 mm in the slicer, the actual layer height achieved by the

printer varies between 0.118 and 0.174 mm.

Moreover, the degree of variation depends on the position of the individual road along the

arch of the sphere. This can be explained by the fact that the samples were printed in the

vertical orientation and without any supports, which highly influences the accurate mapping

of the spherical geometry. Due to this, there is a significant difference between the quality of

the tops and bottoms of DENORMS spheres.

(a) 0.10 mm (b) 0.15 mm

(c) 0.20 mm (d) 0.25 mm

Figure 5.3: Microscopic images of DENORMS structure manufactured with different layer
heights (optimised print parameters)
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The cross-sections of the DENORMS cell manufactured with different layer heights are

illustrated in Figure 5.3. As seen from the microscopic images, the level of distortion of

the original geometry grows with the increase of the layer height. As expected, samples

manufactured with smaller layer heights are more geometrically accurate than bigger ones.

Nevertheless, they are not defect-free. In the case of 0.10 mm and 0.15 mm layer heights, a

curved swelling of the top, unsupported arch of the DENORMS cavity occurs. Furthermore,

the issue of filament fibres was eliminated by correctly adjusting the print settings.

5.3 Acoustic evaluation

There are two strategies targeting the incorporation of surface roughness during computational

modelling. The less computationally expensive one is based on the equivalent fluid approach

that mimics the presence of 3D printing defects by adjusting specific air parameters, such as

viscosity. It is known that surface roughness strengthens solid-liquid interactions, affecting the

boundary viscosity, and becomes increasingly significant with the rise in roughness depth [137].

Therefore, altering dynamic viscosity in the model should capture additional losses within the

model controlling sound absorption, such as those occurring due to surface roughness [15].

However, although fitting the numerical curve to the experimental one by systematically

adjusting the air parameters in a model is relatively simple, obtaining the actual equivalent

material properties of materials with complex microstructures to capture the physics correctly

is challenging [138]. Therefore, the non-direct modelling approach is not the primary numerical

tool in this thesis. Nevertheless, an attempt to include the presence of surface roughness by

altering the air parameters was made and is described thoroughly in Section 5.3.2.

Direct modelling based on the linearised Navier-Stokes equations (Equations (4.1) to (4.3))

for viscothermal acoustics is the primary modelling strategy employed in this study. A com-

bination of numerical and experimental techniques was applied in this study to perform the

acoustic analysis.

5.3.1 Direct modelling strategy

The primary numerical modelling strategy employed in this study aimed to highlight the

impact of surface roughness on the produced acoustic absorptive performance of the 3D printed

material through direct modelling. Models of six layers of the unit cell were created with

different roughness levels, corresponding to the four layer heights (LH) presented in Figure 5.3.
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(a) COMSOL mesh of the air-saturated domain with smooth surfaces

(b) COMSOL mesh of the air-saturated domain with rough surfaces obtained for 0.25 mm LH

(c) 0.25 mm LH surface profile measured using confocal microscopy

Figure 5.4: Geometry creation for numerical modelling

A comparison between the computational (smooth and rough) and the actually printed

geometry is displayed in Figure 5.4. The surface profile shown in Figure 5.4c was copied

from Figure 4.6d and coloured to better illustrate the modelled air domain (in grey) and not-

modelled solid domain (in light blue), which was provided for by imposing adequate boundary

conditions.

Figure 5.5 provides a comparison between rough geometries created with four layer heights

analysed in this study and the original smooth geometry.

The number of degrees of freedom per study is outlined in Table 5.1. Mesh indepen-

dence was separately evaluated for each layer height value. This information is outlined in

Appendix B.
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(a) 0.10 mm LH (b) 0.15 mm LH

(c) 0.20 mm LH (d) 0.25 mm LH

(e) Smooth

Figure 5.5: FEM model geometry comparison with smooth and rough surface finish

LH DoF

Smooth 759585
0.10 mm 8687633
0.15 mm 8177212
0.20 mm 6671377
0.25 mm 5977069

Table 5.1: Mesh details in all models: number or degrees of freedom (DoF) for the different
layer heights (LH)
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5.3.2 Indirect modelling strategy

Although meshing and modelling the DENORMS benchmark design with explicitly rough

surfaces is possible, it requires high computational resources. In this section, a different

approach was implemented to reduce the computational cost of the numerical modelling. This

approach is essentially based on the original, i.e. smooth DENORMS geometry; however, the

unit cell was divided into two parts: the inner air region and an outer fluid shell (FS, marked

in orange in Figure 5.6c) with altered air properties. In the fluid shell, all air properties were

kept unchanged except the dynamic viscosity µ, which was altered in a parametric sweep

procedure.

(a) Smooth geometry (b) Smooth mesh

(c) Fluid shell geometry (in orange) (d) Fluid shell mesh (in orange

Figure 5.6: Unit cell in direct and non-direct (fluid shell) modelling approaches

It was assumed that the rough surface would increase boundary layer thickness and losses

compared to the smooth geometry, as described in detail in Section 5.3. The fluid shell

layer was intended to modify the growth of the boundary layer through the altered dynamic

viscosity. The fluid shell’s extent was chosen as five times the FE boundary layer thickness of

the smooth model.

Generated geometries of an individual unit cell are illustrated in Figure 5.6. Figure 5.6a

shows the original geometry with a smooth wall finish. The corresponding mesh is illustrated

in Figure 5.6b. The unit cell of the fluid shell geometry is depicted in Figure 5.6c. The air
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is grey, and the outer fluid shell with increased dynamic viscosity is shown in orange. The

corresponding mesh is shown in Figure 5.6d. Numerical models generated with smooth and

fluid shell geometries corresponded to a structure with six layers of the unit cell.

5.3.3 Run time comparison

All simulations were performed using Precision 5820 Desktop Workstation: Intel(R) Xeon(R)

W-2265 CPU @ 3.50GHz processor, 256 GB RAM. The comparison of run times between

direct and indirect modelling approaches is summarised in Table 5.2. The indirect modelling

approach is much more time efficient, and the time required to solve this model is comparable

to a smooth direct model.

The computational time for the indirect modelling includes the whole parametric sweep

procedure. In this chapter, the parametric sweep to find the dynamic viscosity in the FS

region requires the experimental data to fit, e.g. absorption curves. In the next chapter,

however, the parametric sweep will be done to fit the results to the direct modelling curves.

LH Run time

DIRECT MODELLING
smooth 2 hours, 31 minutes, 25 seconds
0.10 mm 1 day, 8 hours, 42 minutes, 21 seconds
0.15 mm 1 day, 17 hours, 35 minutes, 55 seconds
0.20 mm 1 day, 8 hours, 4 minutes, 34 seconds
0.25 mm 1 day, 2 hours, 31 minutes, 6 seconds

INDIRECT MODELLING
3 hours, 46 minutes, 27 seconds

Table 5.2: Comparison of run times between direct and indirect modelling approaches

The direct and indirect approaches to modelling surface roughness use a geometry com-

posed of unit cells (of the designed pore network) across the entire thickness (depth) of the

material layer. Both methods use fully coupled, linearised Navier-Stokes equations for ther-

moviscous acoustics to model oscillatory flow in air saturating the pore network.

Efficient numerical modelling strategy

Surface roughness increases the effects of viscous dissipation due to increased friction between

the solid walls and the air saturating the pore network. In fact, the indirect modelling

approach is based on this very assumption. One may expect that viscous and thermal effects

related to the propagation of acoustic waves can be separated at the unit cell level since
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oscillatory flow can be treated as locally incompressible [139], or that at least they are weakly

coupled.

Instead of employing fully coupled thermoviscous acoustics equations solved across a series

of unit cells forming the entire material thickness, one could use the uncoupled approach and

solve viscous and thermal problems separately on a single periodic unit cell: the one with

staircase-type surface roughness or the smooth unit cell containing a thin fluid shell of modified

viscosity. The key focus lies in the oscillatory, incompressible viscous flow problem through

the periodic cell, which is modelled using complex-valued Stokes flow equations featuring an

added harmonic inertial component. The so-called dynamic viscous permeability function can

be obtained by solving this problem and averaging the solution (i.e., the flow velocity field)

over the unit cell and scaling the result.

This function considers roughness effects modelled directly or using the fluid shell ap-

proach. The dynamic viscous permeability allows one to determine (using a simple analytical

formula) the effective density of the equivalent fluid that can replace the acoustic material.

Effective compressibility of the equivalent fluid can be determined after solving the appropri-

ate dynamic thermal diffusion problem. The two effective properties, i.e. the effective density

and compressibility, can then be used to model sound propagation and absorption by solving

the Helmholtz equation in a layer of equivalent fluid replacing the acoustic material.

In this thesis, however, the decision was made to model the entire material layer thickness

(6 cells). The initial plan was to use CT scanning to obtain STL files of the individual channel

of the DENORMS pore network directly from the experimental samples (without the need

to create roughness patterns computationally) and use them during numerical modelling. An

effort was made to extract a channel from the FDM sample using CT scanning; however, the

scan’s quality proved inadequate to proceed with this methodology.

5.4 Results and discussion

5.4.1 Direct modelling strategy

Experimental results of the sound absorption coefficient of DENORMS structures manufac-

tured with different layer heights are compared in Figure 5.7a. These data are presented as

the average and standard deviation of 9 tests per layer height. This data shows that with

the increase of the layer height(LH), a rise in sound absorption occurs. Moreover, the peak

value shifts towards lower frequencies. The results achieved by the two smallest layer heights,

89



5.4. RESULTS AND DISCUSSION

namely 0.10 and 0.15 mm, are very close to each other, whereas the difference between the

results obtained for the two greater layer heights,i.e. 0.20 and 0.25 mm, are more distinct.

Numerical results of the sound absorption coefficient of DENORMS structures generated

with the smooth and the rough surface finish are summarised in Figure 5.7b. These results

show a similar trend to the experimental ones in terms of the increase of the absorption and

a shift of peak value towards lower frequencies with the growth of the layer height.

(a) Experimental results

(b) Numerical results

Figure 5.7: Sound absorption coefficient: DENORMS layer 6 cell deep

However, there is no excessive sound absorption in the frequency region located further

away from the peak value, which can be observed in the experimental curves. The curves for
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smaller layer heights, namely 0.10 and 0.15 mm, are very similar to the curve of the smooth

structure, showing a relatively small effect of the modified geometry on the dissipation.

(a) Experimental results

(b) Numerical results

Figure 5.8: Sound absorption coefficient: DENORMS layer 6 cell deep

To better understand the achieved results, all curves were redrawn with respect to the

normalised frequency, as shown in Figure 5.8. The frequency ω0 used for normalisation is

the frequency of the respective absorption peak. A similar trend between the distances of

individual curves corresponding to various layer heights can be observed in the peak region

of experimental and numerical curves. However, compared to numerical curves, which nearly

overlap in the frequency regions located further away from the peak, a broadband excess

sound absorption is observed experimentally over the whole frequency spectrum.
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(a) Smooth (2050 Hz) (b) 0.25 mm LH (1850 Hz)

Figure 5.9: Temperature variation [K] in the unit cell at resonant frequency (real part)

(a) Smooth (2050 Hz) (b) 0.25 mm LH (1850 Hz)

Figure 5.10: Temperature variation [K] in the unit cell at resonant frequency
(imaginary part)

To gain a better physical understanding of the mechanisms underlying the acoustic losses,

temperature and velocity graphs were generated from the numerical results. Smooth and

rough models were compared at their resonant frequencies. In Figure 5.9 and Figure 5.10, an

increase in the thermal boundary layer thickness is observed between the models. As shown

in Figure 5.9b, the temperature variation and the depth of its penetration inside the rough

pore are larger owing to the presence of the grooves when compared to the smooth model

displayed in Figure 5.9a.

(a) Smooth (2050 Hz) (b) 0.25 mm LH (1850 Hz)

Figure 5.11: Axial component of velocity [m/s] in the unit cell at resonant frequency
(real part)

A similar effect is present in velocity graphs shown in Figure 5.11. Although most of

the losses occur within the necks of the cells in both cases, there is a significant difference

between the smooth and rough models. Acoustic particles achieve much higher velocity due
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to the presence of rough grooves, as illustrated in Figure 5.11b. Looking at both temperature

and velocity graphs, it can be inferred that surface roughness increases the boundary viscosity

within the system, which results in enhanced dissipation. Moreover, the presence of roughness

enlarges the contact area between the air and the solid skeleton of the structure.

Overall, the experimental and numerical results show that sound absorption increases with

the rise in the 3D printing layer height and the corresponding increase in surface roughness.

The current study has found that the numerical and experimental curves corresponding to

the various layer heights show similar trends.

However, in the case of the experimental curves, there is an excess broadband absorption

that is not present in the numerical results. Additional manufacturing defects beyond the

surface roughness are likely responsible for this deviation. Additional features present in the

physical experiment, such as 3D printing geometrical inaccuracy, including not only the shape

but also crucial dimensions, such as the diameter of cylindrical channels (necks), random print

flaws (filament stringing) and microporosity of the print material [140, 141] can certainly lead

to an increased broadband absorption.

Prior studies have implied that the difference between numerical and experimental results

occurs due to the surface roughness of additively manufactured components. However, the

findings of this work showed that this could only partially explain the gap between the results.

Therefore, further investigations of this topic should be conducted. This work has demon-

strated the feasibility of directly including surface roughness effects in the design stage of new

materials through numerical modelling of unit cell structures.

5.4.2 Indirect modelling strategy

The results of this study are illustrated in Figure 5.12. The experimental results of the

0.10 mm layer height FDM samples are provided as a reference. The fluid shell modelling

approach proved effective in predicting the magnitude of the experimental curve. In addition,

the frequency of the first absorption peak is also captured in this modelling approach. This

suggests that the fluid shell modelling approach could be helpful as a relatively low-cost

addition to the modelling approach that can capture some of the manufacturing features.

It should be noted, however, that there is clear evidence of a higher broadband absorption

in the experimental values due to the different curve shapes. It is unlikely that the modelling

strategies utilised here will capture this effect even when optimised for the correct peak lo-

cation and amplitude prediction. These additional broadband losses will require explanation

93



5.5. CONCLUSIONS

through investigation of the fundamental physics, which may question some of the assump-

tions in the viscothermal modelling. Some of these discrepancies and losses may be explained

by the shape and size inaccuracy as well as other effects such as heterogenous microporosity

of the skeleton and/or fibres produced by filament stringing.

Figure 5.12: Experimental and numerical results

The modelling strategies here attempt to directly resolve the physical processes that drive

the losses within the structure. Alternative approaches include equivalent fluid modelling of

the whole system, but the calibration of the model constants is a complex problem in these

approaches. Nevertheless, it is hoped that the work presented here will lead to clear guidelines

on the impact of surface roughness on the acoustic behaviour of additively manufactured

materials. This knowledge could then be fed into various modelling strategies to account for

these effects.

5.5 Conclusions

This study has provided an in-depth understanding of the influence of surface roughness on

the acoustic behaviour of a benchmark material produced with additive manufacturing using

the FDM technology.

The process parameters of additive manufacturing were exploited to introduce a systematic

variation in the surface roughness profiles by using a range of commonly used layer heights.

The surface topologies were precisely measured using a confocal microscope. This data was

then used to create numerical models of rough geometries. Finally, these models were used
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in a viscothermal numerical analysis of the lattice, exploiting efficiencies due to the repeating

structure.

The magnitude of the increase in absorption due to the addition of surface roughness

was nearly identical between experimental and numerical datasets. This demonstrates that

surface roughness resulting from an increase in the layer height contributes to excessive sound

absorption above what would be expected from a smooth numerical model.

The increase in absorption due to surface roughness introduced by various layer heights

used by FDM is confirmed by numerical calculations. However, there are still discrepancies

between the numerical and experimental results, which can be explained by geometric inac-

curacy (in particular, the actual size of the neck is perhaps different than in the numerical

model, as well as the porosity of the main pore network) and other phenomena (such as

microporosity in some parts of the skeleton).

At low layer height values, there is a minimal increase in the dissipation within the mate-

rial. Still, the geometry’s slicing leads to volume changes within the material, which change

the operating frequency. As the layer height increased, additional dissipation was observed,

leading to an increase in the absorption peak value between the lowest and highest values of

the layer height in both experimental and numerical datasets.

However, the gap between numerical and experimental results is only partially caused by

the rough surface finish. A broadband increase in absorption is observed in the experimental

data, which is not replicated in the numerical data. The increase in layer height is also linked

to other manufacturing defects and alterations in geometric accuracy.

The impact of these on the experimental results must also be assessed before an exact

match between numerical and experimental results can be achieved. Future work will be

required to expand this research to alternative print processes and develop additional ways

to incorporate additive manufacturing features into numerical modelling.

Finally, the introduced indirect modelling approach is a valuable contribution to the thesis,

yielding promising outcomes while maintaining low computational costs. Nevertheless, it is

essential to note that the obtained results also do not fully encompass broadband absorption

as in the case of direct modelling. This approach would be very valuable if the value of, e.g.

3× µair can always be used for a specific LH, and the thickness of the FS region would also

be well-established.
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To further enhance the indirect modelling strategy, future development should focus on

formalizing the extent of the fluid shell region and refining the dynamic viscosity by considering

a target boundary layer development. These refinements will likely contribute to a more

comprehensive and accurate representation of the desired acoustic absorption properties.
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Chapter 6

Surface roughness design
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6.1 Introduction

In this chapter, lessons learnt from additive manufacturing of the benchmark porous material

produced using FDM were applied to the design of novel acoustic absorbers. The design

process was based on the knowledge and experience gained through the research described in

the previous chapters.

Chapter 4 explained the possible reasons for the disagreement between numerical and ex-

perimental results of the sound absorption of a 3D printed material. The primary cause was

the geometrical deviation between the final manufactured part and the original CAD design

resulting from 3D printing imperfections, among which the most significant ones included sur-

face roughness, reduced dimensional accuracy and microporosity of build material. Chapter 5

focused on understanding how the surface roughness arising from the layer height parameter

contributes to the absorptive characteristics of a 3D printed material.

So far, there has been little discussion about using occurring 3D printing defects to one’s

advantage. Generally, they are assumed to be an unavoidable consequence of utilising this

specific production method. Their extent can be controlled and minimised by proper adjust-

ment of process parameters. Nevertheless, it is not possible to completely eliminate their

presence.

Until recently, there has been no attempt to actively implement the knowledge about

3D printing imperfections into the design of novel acoustic materials. Zielinski et al. (2022)

proposed a sound-absorbing material, the performance of which resulted not only from the

designed pore network but also from the microporosity of the build material used during

additive manufacturing [27]. In such a way, a double-porosity material was successfully de-

signed, modelled and fabricated. This work is an example of making use of build material

imperfections to achieve acoustic gains.

The other approach would be to utilise faults resulting from layer-by-layer manufactur-

ing by including controlled surface roughness in the geometrical design of novel material for

acoustic improvements. In this study, the novel enhancement was based on the benchmark

unit cell but altered so that the geometric changes improved its behaviour.

6.2 Lessons learnt from FDM

The following section will discuss lessons learnt from additive manufacturing of DENORMS

cells using FDM in more detail.

98



6.2. LESSONS LEARNT FROM FDM

(a) All surfaces (b) Spherical pore surface

(c) Surfaces of side channels (perpendicular to the
wave propagation direction)

h
(d) Surfaces of in-line channels (parallel to the

wave propagation direction)

Figure 6.1: ‘Extrusion-like’ roughness pattern (0.15 mm layer height) applied to the various
surfaces of the DENORMS unit cell in CAD

The CT scans of DENORMS samples manufactured using different 3D printing technolo-

gies, described in Section 4.3.3, provided valuable insights into parts’ surface morphology and

internal composition. The FDM samples were characterised by high delamination and the

presence of discontinuities along geometrical contours. The observed network of inner voids

in the 3D printed skeleton, unintentionally connected to the designed geometrical cavities
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forming the main pore network, likely influenced the acoustic behaviour of the system and

provided extra absorption. This effect could be used to one’s advantage but can be difficult to

model due to the irregularity and heterogeneity of the micropore network of ‘inner voids’ and

because their connections to the main pore network are usually very irregular and random,

see Figure 4.11a. Therefore, a different additive manufacturing technology should be used to

obtain a good match between experimental results and numerical or analytical predictions.

(a) All surfaces (b) Spherical pore surface

(c) Surfaces of side channels (perpendicular to the
wave propagation direction)

(d) Surfaces of in-line channels (parallel to the
wave propagation direction)

Figure 6.2: ‘Extrusion-like’ roughness pattern (0.25 mm layer height) applied to the various
surfaces of the DENORMS unit cell in CAD
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Another major issue in FDM samples was high surface roughness, which can only be

minimised by adequately adjusting print parameters. Among them, the layer height is the

most vital, and the surface quality improves by reducing it. On the other hand, it is known

that surface roughness enhances the sound absorption of designed materials and can be used to

one’s advantage, especially since 3D printing using larger layer heights is also faster. However,

it is essential to understand which parts of the benchmark geometry the roughness should be

applied for the most efficient and beneficial results.

6.3 Applying lessons learnt

Given all that has been mentioned so far, one may assume that additive manufacturing flaws

can be utilised for acoustic benefits. With this purpose in mind, an alteration of the benchmark

design was proposed. The new unit cell takes advantage of the accurate FDM roughness

pattern, which was created based on the surface profiles obtained with the help of confocal

microscopy and described in detail in Section 4.3.2.

This ‘extrusion-like’ roughness pattern was applied to the CAD benchmark geometry in

various locations i.e. surfaces: on all surfaces, only on the spherical pore surface, only on

the surfaces of side channels, or finally, only on the surface of in-line channels, to investigate

the influence of the roughness placement on the acoustic behaviour of the material. Note the

fundamental difference between the side channels and in-line channels: the side channels are

perpendicular to the wave propagation direction, while the in-line channels are parallel to this

direction. Moreover, thanks to this and the symmetry of the unit cell, the airflow in the side

channels is not locally ‘axial’.

6.3.1 Surface roughness design

‘Extrusion-like’ roughness patterns corresponding to two different layer heights, namely 0.15

and 0.25 mm, were analysed in this study. The geometrical drawings of the altered cell

with 0.15 mm layer height ‘extrusion-like’ roughness pattern applied in various locations of

the DENORMS cell are illustrated in Figure 6.1. The 0.25 mm layer height ‘extrusion-like’

roughness pattern geometries were created in the same manner and are shown in Figure 6.2.

6.3.2 Additive manufacturing

In this investigation, MSLA was chosen as a suitable additive manufacturing method. This

production technique utilises a lower layer height of 0.05 mm and, therefore, can faithfully

101



6.3. APPLYING LESSONS LEARNT

reproduce new geometries and produce a nominally smooth original design. Moreover, CT

scans, described in Section 4.3.3, revealed that MSLA samples were unaffected by the issue of

discontinuities on the surface and inside the 3D printed skeleton of the considered geometry.

Therefore, it can be concluded that changing the additive manufacturing method from FDM

to MSLA helped eliminate the issue of the microporosity of the build material. The smoothest

geometry (created from the smooth DENORMS CAD geometry) was used as a control sample

and a reference material for the experimental testing.

Cylindrical samples consisting of six layers of the unit cells suitable for impedance tube

measurements (40 mm diameter) were produced using Elegoo Mars 3 MSLA printer. The

structures were prepared for manufacture with a 0.05 mm layer height and the standard print

settings recommended by the manufacturer.

In total, nine different designs were fabricated: a smooth control sample, four 0.15 mm layer

height ‘extrusion-like’ roughness pattern samples (roughness applied everywhere, only to

spherical pores, only to side channels and only to in-line channels) and four 0.25 mm layer

height ‘extrusion-like’ roughness pattern samples (roughness applied everywhere, only to

spherical pores, only to side channels and only to in-line channels). Every design was fabri-

cated three times (A, B, C) to ensure the repeatability of the manufacturing process. In total,

27 separate samples were produced.

(a) Cylindrical sample (b) Cross-section

Figure 6.3: Nominally smooth, control MSLA sample

The smooth design was manufactured without any additional roughness pattern and used

as a control sample. The fabricated cylindrical sample is shown in Figure 6.3a. A close-up

microscopic picture illustrated in Figure 6.3b depicts the cross-section of the smooth sample.
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(a) Everywhere (b) Spherical pores (c) Side channels (d) In-line channels

Figure 6.4: Close-up at CAD models of cylindrical samples (in STL format) with the 0.15
mm layer height ‘extrusion-like’ roughness pattern applied to various DENORMS surfaces

(a) Everywhere (b) Spherical pores

(c) Side channels (d) In-line channels

Figure 6.5: Microscopic images of MSLA samples with 0.15 mm layer height ‘extrusion-like’
roughness pattern applied to various parts of the DENORMS geometry

Cylindrical samples with the roughness pattern applied to various parts of the DENORMS

geometry were fabricated in the same manner. The difference between the geometries coded in
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STL files used for manufacturing the 0.15 mm layer height designs is displayed in Figure 6.4.

The corresponding cross-sections of the fabricated samples are illustrated in Figure 6.5. The

added-in-design ‘staircase’ roughness is clearly visible on individual surfaces, while the other

surfaces are relatively smooth.

6.4 Acoustic evaluation

The aim of the modelling strategy implemented in this study was to investigate the influence

of the surface roughness location on the produced acoustic absorptive performance of the 3D

printed material through a comparison of direct and indirect modelling.

6.4.1 Equivalent dynamic viscosity establishment

First, the equivalent dynamic viscosity needed to be established based on the results of the

direct and indirect modelling strategies described in Chapter 5. The direct modelling sound

absorption coefficient peak data for the smooth model and both roughnesses (0.15 mm LH

and 0.25 mm LH), as per Figure 5.7b, is summarised in Table 6.1.

Roughness α

Smooth 0.47
0.15 mm LH 0.55
0.25 mm LH 0.64

Table 6.1: Direct modelling: sound absorption coefficient peak values (based on Figure 5.7b)

The indirect modelling peak data: the dynamic viscosity (µ) value and associated with it

maximum sound absorption coefficient (α) value is summarised in Table 6.2, as per Figure 5.12.

µ 1 1.5 2 2.5 3
α 0.47 0.52 0.56 0.59 0.62

Table 6.2: Indirect modelling: peak data (based on Figure 5.12)

The data points summarised in Table 6.2 were used to construct an exponential curve

through curve fitting, as shown in Figure 6.6.

Data plotted in Figure 6.6 was then used to find interpolated values of dynamic viscosity

corresponding to the sound absorption coefficient values obtained through direct modelling

for 0.15 mm and 0.25 mm LH roughnesses, as per Table 6.1. It was established that for

α = 0.55 (0.15 mm LH direct model), the corresponding viscosity factor equals 1.93× µ. For
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α = 0.64 (0.25 mm LH direct model), the corresponding viscosity factor equals 3.41×µ. The

roughness and equivalent dynamic viscosity data are summarised in Table 6.3.

Figure 6.6: Indirect modelling: dynamic viscosity factor estimation

Fluid shell models were computed again with corrected viscosity factors: 1.93× µ (equiv-

alent to 0.15 mm LH direct roughness) and 3.41×µ (equivalent to 0.25 mm LH direct rough-

ness). The obtained results will be presented in the next section and compared to the results

of the direct models.

Roughness Equivalent dynamic viscosity

0.15 mm LH 1.93× µ

0.25 mm LH 3.41× µ

Table 6.3: Indirect modelling: equivalent dynamic viscosity values for direct modelling
roughnesses (fluid shell thickness set as five times the boundary layer of the smooth model)

6.4.2 Modelling strategies comparison

In Chapter 5, the roughness patterns were applied to every surface of the benchmark ge-

ometry. In this subsection, additional comparison criteria for the evaluation of modelling

strategies were introduced. This represents the potential for areas of additional roughness to

be introduced into a design at target locations to enhance performance.

The roughness patterns were applied to the selected surfaces of the benchmark geometry:

spherical pores, side channels and in-line channels. The comparison between the unit cells

generated for the direct modelling simulations and the 0.15 mm LH roughness pattern is

illustrated in Figure 6.7.
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(a) Spherical pore (b) Side channels (c) In-line channels

Figure 6.7: Direct modelling: 0.15 mm LH roughness pattern applied to different surfaces
of the benchmark geometry

The equivalent indirect modelling geometries are illustrated in Figure 6.8. The fluid

shell region, shown in orange, was applied to selected surfaces of the benchmark geometries:

spherical pores, side channels and in-line channels.

(a) Spherical pore (b) Side channels (c) In-line channels

Figure 6.8: Indirect modelling: fluid shell region applied to different surfaces
of the benchmark geometry

6.5 Results

0.15 mm LH

Figure 6.9: Experimental results measured for MSLA samples:
0.15 mm LH ‘extrusion-like’ roughness pattern
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Figure 6.9 presents experimental results of the sound absorption coefficient of the materials

with the 0.15 mm LH ‘extrusion-like’ roughness pattern applied to various surfaces of the base

geometry. The measurements were performed in an impedance tube for MSLA samples; see

Figure 6.5. The results are compared against the smooth design, which experimentally is

the nominally smooth sample manufactured using MSLA technology without any additional

roughness pattern (see Figure 6.3). As expected, the presence of roughness increases the

sound absorption and shifts the position of the peak towards lower frequencies.

(a) Direct modelling strategy: 0.15 mm LH roughness pattern

(b) Indirect modelling strategy: 1.91× µ

Figure 6.10: Numerical results

Figure 6.10 compares the direct and indirect modelling strategies employed to capture

roughness effects. In the case of direct modelling, the 0.15 mm LH roughness pattern was

applied to different parts of the benchmark geometry. In the case of indirect modelling, the

fluid shell region with the altered air properties (1.91×µ) was implemented in corresponding

locations to capture the roughness effects and reduce computational costs. The results are

compared against the smooth design, which numerically is the smooth geometry.
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The results of both modelling strategies agree regarding the peak value for all roughness

locations. The shift of the peak frequencies is observed for the direct modelling strategy. The

indirect modelling does not capture that effect. However, it does not consider volume change

that is accounted for by the direct modelling.

The increase in absorption due to surface roughness introduced by various layer heights

used by FDM is confirmed by numerical calculations as well as MSLA samples with designed

staircase roughness. However, there are still discrepancies between the numerical and experi-

mental results, which can be explained by geometric inaccuracy (in particular, the actual size

of the in-line channel is perhaps different than in the numerical model, as well as the porosity

of the main pore network).

0.25 mm LH

Figure 6.11: Experimental results measured for MSLA samples:
0.25 mm LH ‘extrusion-like’ roughness pattern

The experimental results obtained for the 0.25 mm layer height roughness pattern are set

out in Figure 6.11. The observed acoustic contributions of specific roughness locations are

larger in magnitude than in the case of the 0.15 mm layer height pattern discussed in the

previous subsection, cf. Figure 6.9 and Figure 6.11.

Figure 6.12 provides a comparison between the direct and indirect modelling strategies

applied in this study to capture surface roughness effects. In the case of direct modelling,

the 0.25 mm LH ‘extrusion-like’ roughness pattern was implemented in different parts of the

benchmark geometry. In the case of indirect modelling, the fluid shell region with the altered

air properties (3.41× µ) was applied to the corresponding locations to capture the roughness
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effects and decrease the computational cost. The results are compared against the smooth

design, which numerically is the smooth geometry.

The results of both considered strategies are in good agreement regarding the peak value

for almost all roughness locations. The only observed difference occurs in the case of the

roughness on in-line channels. In direct modelling and experiments, the roughness on in-line

channels and spherical pores provides the same extent of acoustic losses. However, indirect

modelling results suggest that the roughness on spherical pores contributes less to the sound

absorption coefficient than the in-line channels. Moreover, in the case of the indirect modelling

strategy, we do not observe the frequency shift of the peak as these models do not take volume

change arising from the presence of roughness into account.

(a) Direct modelling strategy: 0.25 mm LH roughness pattern

(b) Indirect modelling strategy: 3.41× µ

Figure 6.12: Numerical results

For sound absorption, the most important seems to be the airflow through in-line channels

parallel to the direction of wave propagation. The surface roughness effect of these channels is

responsible for a significant increase in the viscous acoustic wave energy dissipation. The size
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and roughness of these channels significantly affect (decrease) the viscous permeability and

therefore (increase) airflow resistivity. They also influence the viscous characteristic length.

The roughness in these channels should increase the phase of the dynamic (i.e. complex)

viscous permeability function. As a result, the first absorption peak is shifted to a lower

frequency.

Roughness on other surfaces is less important, although, in the case of 0.25 mm LH,

it can also affect porosity, etc. In particular, the roughness in the side channels (which are

perpendicular to the main flow and wave propagation direction) is almost negligible or at least

less important. This also happens due to symmetry, meaning the flow in the side channels is

not ‘through’.

6.5.1 Dimensional data analysis

To better understand the changes from the smooth model, the dimensional data of the unit

cells was inspected and compared. The volume (of the pore network) and surface area (of solid

walls) of the smooth unit cell (determined from its CAD model) are summarised in Table 6.4.

All indirect models, with fluid shell regions applied in different configurations, are based on

the geometry of the smooth unit cell.

Pore volume [m3] Surface area [m2]

5.442 E-8 8.072 E-5

Table 6.4: Geometrical parameters of the smooth/fluid shell unit cell

In this study, all geometries considered in direct numerical and experimental results were

created based on the same CAD designs generated directly from COMSOL. For comparison

purposes, the data of the 0.15 mm LH and 0.25 LH ‘extrusion-like’ roughness pattern models

are summarised in Table 6.5 and Table 6.6, respectively. Both tables contain the percent-

age change (∆%) calculated between the rough designs’ volume and surface area values and

corresponding dimensions of the original smooth design (taken from Table 6.4).

Location Pore volume [m3] ∆% Surface area [m2] ∆%

Everywhere 5.010 E-8 -7.9% 1.091 E-4 +35.2%
In-line channels 5.411 E-8 -0.6% 8.188 E-5 +1.4%
Spherical pores 5.160 E-8 -5.2% 1.025 E-4 +27.0%
Side Channels 5.352 E-8 -1.7% 8.505 E-5 +5.4%

Table 6.5: Geometrical parameters of the 0.15 mm LH roughness pattern unit cell
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Location Pore volume [m3] ∆% Surface area [m2] ∆%

Everywhere 4.717 E-8 -13.3% 1.084 E-4 +34.3%
In-line channels 5.389 E-8 -1.0% 8.188 E-5 +1.4%
Spherical pores 4.973 E-8 -8.6% 1.016 E-4 +25.9%
Side Channels 5.304 E-8 -2.5% 8.412 E-5 +4.2%

Table 6.6: Geometrical parameters of the 0.25 mm LH roughness pattern unit cell

As seen from the tables above, the presence of a roughness pattern decreased the pore

network’s volume (and porosity) and increased the surface area of solid walls. That resulted in

the enlargement of the contact area between the air and the solid skeleton of the structure. The

roughness applied to the most extensive parts of the considered geometries, either everywhere

or only to the spherical pores, had the most profound effect on the geometrical parameters

compared to the smooth unit cell. The presence of both in-line and side channels similarly

influenced the considered dimensions.

Taken together, these results suggest that surface roughness influences two significant as-

pects of the considered system. First, the absorption peak’s position is determined by the

geometrical location of the applied roughness. Roughness applied only to in-line channels

showed the closest match with the roughness applied everywhere, in terms of both numeri-

cal and experimental results. This is the location where most of the acoustic losses in the

DENORMS geometry occur, as previously described in Section 5.4.

Therefore, in future designs, roughness should be applied in the most acoustically essential

locations to avoid the frequency shift. Furthermore, although roughness applied only in

those parts of the geometry did not influence much the unit cell volume and surface area in

comparison to the smooth cell, significant improvement of the sound absorption was achieved

for both 0.15 mm LH and 0.25 mm LH ‘extrusion-like’ roughness patterns.

Second, the presence of roughness significantly influenced the volume and surface area

of the most extensive component of the designs, the spherical pores, and, consequently, the

porosity. By altering those geometrical dimensions, the acoustic behaviour of the system

was enhanced notably, to an extent comparable to the roughness applied only to the in-line

channels in terms of the increase of absorption. On the other hand, a frequency shift was

observed in the case of both 0.15 mm LH and 0.25 mm LH ‘extrusion-like’ roughness patterns.
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6.5.2 Run time comparison

The numerical simulations were carried out using a commercial finite element analysis software

package, COMSOL Multiphysics 6.1. All simulations were performed using Precision 5820

Desktop Workstation: Intel(R) Xeon(R) W-2265 CPU @ 3.50GHz processor, 256 GB RAM.

The comparison of run times between direct and indirect modelling approaches is sum-

marised in Table 6.7 and Table 6.8. The indirect modelling approach is much more time

efficient, and the results obtained closely match the direct modelling results regarding the

sound absorption coefficient value.

Roughness Parameter Direct Indirect
(0.15 mm LH) (1.93× µ)

Everywhere
Degrees of freedom 8168615 829441

Computational time [s] 154551 8342
α 0.55 0.56

In-line channels
Degrees of freedom 1346641 374606

Computational time [s] 12862 1674
α 0.51 0.52

Spherical pores
Degrees of freedom 5764411 575487

Computational time [s] 95661 3373
α 0.51 0.50

Side Channels
Degrees of freedom 2216838 312439

Computational time [s] 15250 1109
α 0.49 0.48

Table 6.7: Modelling strategies comparison

Roughness Parameter Direct Indirect
(0.25 mm LH) (3.41× µ)

Everywhere
Degrees of freedom 5968078 829441

Computational time [s] 96611 8342
α 0.65 0.64

In-line channels
Degrees of freedom 1097077 374606

Computational time [s] 9425 1674
α 0.55 0.58

Spherical pores
Degrees of freedom 3794424 575487

Computational time [s] 40525 3373
α 0.54 0.53

Side Channels
Degrees of freedom 1585353 312439

Computational time [s] 9877 1109
α 0.49 0.48

Table 6.8: Modelling strategies comparison
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6.6 Conclusions

The first aim of this investigation was to implement insights gained from the additive man-

ufacturing of an acoustic material into the design of novel porous absorbers. With that in

mind, the benchmark design produced using FDM was assessed using a combination of non-

destructive testing methods. As a result, it was discovered that three main issues affecting the

faithfulness of reproduction of CAD geometry include microporosity of built material, limited

geometrical accuracy and surface roughness.

As these nominally flawed occurrences increase the absorptive characteristics of the con-

sidered system, the next objective was to take advantage of their presence in a new, altered

geometrical design. For that reason, a roughness pattern was created based on the confocal

microscope measurements of the FDM samples and used as a new design for additive manu-

facturing using MSLA. Various design alterations of the benchmark design were proposed to

assess the influence of the roughness location on the acoustic performance. Roughness was

applied everywhere, only to the surface of spherical pores, only to side channels, or only to

in-line channels.

The second aim of this investigation was to explore different numerical strategies which

capture the influence of surface roughness effects on acoustic behaviour. The intention was

to propose a low-cost modelling strategy that can be utilised for the inclusion of surface

roughness effects in the design and optimisation of acoustic material. The results of the two

computational methods were compared to each other and with experimental results.

The first method, direct modelling, utilises a geometrical representation of roughness to

capture the corresponding acoustic losses accurately. This method captures the change in

absorption magnitude and associated frequency shirts due to changes in geometry. Its main

drawback is the high computational cost related to the creation of the geometry, meshing and

solving.

The second method, indirect modelling, mimics the presence of roughness by adjusting air

parameters in the selected regions of the smooth geometry to reduce the numerical burden.

This method captures accurately the changes in absorption magnitude but does not capture

the frequency shift. The advantage of this method is that it can be tuned to different man-

ufacturing layer heights or surface features and that it is generally in excess of one order of

magnitude faster than the direct method.
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The following conclusions can be drawn from the present study. Foremost, the presence of

a roughness pattern was most crucial in the location where most viscous losses occur. In the

case of the DENORMS cell, that was the in-line channels (parallel to the direction of wave

propagation and the main direction of the flow induced by it). Although the roughness applied

there did not influence the pore volume (and porosity) or surface area much, in terms of peak

location, it had the same influence as roughness applied everywhere (therefore, including the

in-line channels). Moreover, a significant absorption increase was also achieved.

This research has also shown that the porosity and surface area of solid walls are two vital

parameters interconnected with each other. The presence of roughness changes their values

in comparison to the smooth design and, as a result, alters the acoustic behaviour.

The results of the direct and indirect numerical strategies agree regarding the peak value

of the sound absorption. The implementation of the fluid shell contributed to the notable

reduction of the computational cost by lowering the number of degrees of freedom in meshing

and, as a result, decreasing the computational time.

Further work needs to be done to investigate the geometrical shape of roughness on the

acoustic performance of novel porous materials. An optimal surface morphology that exploits

the benefits of increased roughness while controlling for changes in volume and surface area

may exist. Such a pattern should be applied to the most acoustically significant parts of the

base design.

Moreover, to further enhance the indirect modelling strategy, future development should

focus on formalizing the extent of the fluid shell region and refining the dynamic viscosity by

considering a target boundary layer development. These refinements will likely contribute to a

more comprehensive and accurate representation of the desired acoustic absorption properties

which makes the method suitable for use in a design process. In general, both the surface

roughness effects and the changes to the volume and surface area of the whole system should

be taken into account, or else there may be a shift to the intended operating frequency of the

design.
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Chapter 7

Practical application of 3D printed
acoustic materials
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7.1. INTRODUCTION

7.1 Introduction

The primary objective of the study presented in this chapter was to develop tools useful for

enhancing the low-frequency behaviour of a commercial acoustic silencer (Zehnder CSI 350

DN 125), shown in Figure 7.1, by applying a low-cost and low-effort approach. An acoustic

material containing lattices of subwavelength unit cells and resonating structures was designed

for a target frequency and 3D printed for that purpose. The silencer was first tested without

any alterations. In the next step, it was disassembled and modified by partly applying the 3D

printed material to its interior. The altered silencer was then reassembled and retested. The

improvement in transmission loss was experimentally demonstrated by comparing the results

of the original and altered silencers.

Figure 7.1: Comercial acoustic silencer

This research indicates that 3D printed materials can be designed for a target frequency

and improve the tonal behaviour of the system based on conventional porous materials while

being cost-effective. The findings show that superior low-frequency sound attenuation can be

achieved using low-cost novel acoustic materials. These results offer insights into the potential

for the industrial application of 3D printed materials for the building acoustics sector.

This chapter is based on a conference paper: A. Ciochon, J. Kennedy, “3D printed acoustic materials for
the performance enhancement of a building acoustics silencer”, in 52nd International Congress and Exposition
on Noise Control Engineering (INTER-NOISE 2023), Chiba, Greater Tokyo, Japan, Aug. 2023
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7.2 Design process

7.2.1 Unit cell optimisation

Direct modelling strategy

(a) Unit cell (b) Impedance model (c) Transmission loss model

Figure 7.2: COMSOL modelling

The proposed structure designed for the low-frequency acoustic improvements is a lattice

of interconnected unit cells, which form an open-pore network and act as a chain of resonators.

The unit cell, illustrated in Figure 7.2a, is defined by three geometrical parameters: radius of

the sphere (Rs), radius of the cylinder (Rc) and length of the cylinder (Lc).

A model shown in Figure 7.2b was used to obtain real and imaginary impedance values of

the designed system. The modelling strategy employed in this study utilises a detailed model

of the unit cell lattice to provide data for an impedance boundary condition in a full-pressure

acoustic model of a rectangular duct. The rectangular duct model, Figure 7.2c, enables the

optimisation of the sound transmission loss through modifications to the unit cell geometry

in the thermoviscous sub-model, Figure 7.2b.

Harmonic viscothermal analyses are solved in the considered frequency range for the model

shown in Figure 7.2b. Surface acoustic impedance is then calculated on the frontal (blue)

rectangular boundary shown in Figure 7.2b. The found surface acoustic impedance (i.e.

complex, frequency-dependent function) is applied on the light-blue rectangular side boundary

indicated in the duct shown in Figure 7.2c to perform transmission analyses.

The key geometrical parameters of the design were investigated and optimised in a para-

metric sweep to hit the target frequency of 550 Hz. The constraints analysed in this study

were as follows: 6 mm < Rs < 9.5 mm, 0.75 mm < Rc < 4 mm, 18 mm < Lc < 20 mm. The

optimised parameters are the following: Rs = 8 mm, Rc = 3.75 mm and Lc = 20 mm. The

length of the individual chain was kept constant at six unit cells.
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The pressure acoustic model of a rectangular duct, illustrated in Figure 7.2c, was used to

calculate the transmission loss of the system. The cross-section of the duct (150 mm x 107 mm)

corresponds to the physical dimensions of the silencer’s channel (shown in Figure 7.11a). 107

mm is the average height of the channel. The impedance values of the optimised geometrical

design obtained from the previous model (Figure 7.2b) were implemented as a boundary

condition to mimic the actual system and reduce computational cost.

The impedance boundary condition applied to the two active sections is shown in blue

(see Figure 7.2c). Their surface area corresponds to the total surface area of unit cells of

the designed 3D printed blocks, shown in Figure 7.7 and Figure 7.8 (in Section 7.2.2), i.e.,

91 (perforations) x 20 mm x 20 mm = 36400 mm2. In the model shown in Figure 7.2c, the

two active areas (these areas are placed next to each other to form the blue rectangle shown

in Figure 7.2c) have dimensions 150 mm x 121.5 mm each and together have the active area

of 36450 mm2, to which the impedance boundary condition is applied. The length of the

perforated wall (121.5 mm) was chosen so that the model of that surface matches the actual

total perforated wall surface of the physical 3D printed samples.

The hard wall boundary condition is marked in grey. A plane wave was imposed at the

inlet, shown in yellow. Port boundary conditions were used at the inlet and outlet of the

tube.

Figure 7.3: Numerical transmission loss (direct modelling)

118



7.2. DESIGN PROCESS

The numerical transmission loss results of the optimised geometrical design are illustrated

in Figure 7.3. The designed system exhibits tonal behaviour at two frequencies, 550 Hz and

1650 Hz, where superior noise reductions are achieved.

Indirect modelling strategy

(a) 6 cells deep model (b) Unit cell (c) FE mesh

Figure 7.4: Fluid shell impedance model

A fluid shell modelling strategy, discussed in Section 5.3.2, was also implemented in this

study to investigate the influence of roughness on the performance of the designed structure.

The unit cell was divided into two distinct parts: an inner air region and an outer fluid shell

(FS) characterized by a modified dynamic viscosity.

Figure 7.5: Numerical sound absorption calculations with the fluid shell

All air properties remained unchanged within the fluid shell, except for the dynamic

viscosity µ. In the first case, µ was not modified (condition comparable with the direct
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modelling strategy and assumption of smooth walls). In the second case, µ was multiplied by

three (assumption of rough walls).

The fluid shell layer was designed to modify the growth of the viscous boundary layer

through the altered dynamic viscosity. Specifically, the extent of the fluid shell was selected to

be three times the depth of the 3D printing pattern, that is, 0.375 mm. Generated geometries

of the impedance model are illustrated in Figure 7.4. The fluid shell region is indicated in

orange.

The calculated predictions of the sound absorption coefficient are presented in Figure 7.5.

As expected, the increase in dynamic viscosity (corresponding to the presence of roughness)

led to a rise in absorptivity compared to the smooth model, where the dynamic viscosity

remained unaltered.

Figure 7.6: Numerical transmission loss calculations with the fluid shell

The corresponding transmission loss results are illustrated in Figure 7.6. Surprisingly,

an opposite trend can be observed in this case. The curve with unaltered dynamic viscosity

(representing a smooth model) achieved much higher transmission loss values. The obtained

results match the results of the direct modelling strategy, shown in Figure 7.3. Increased

dynamic viscosity (representing the model with rough surfaces) decreased the transmission

loss performance of the structure, especially in the case of the first peak in the lower-frequency

region.
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Two factors influence the transmission loss in the silencer. The first is resistive dissipation,

which is associated with normal incidence absorption. The second is the reactive part caused

by resonant reflection from the designed resonator chains, which has the predominant effect

on the behaviour of the designed system. The increased viscosity reduces the quality factor of

the resonator, which leads to a decrease in the reactive contribution to the transmission loss.

The considered geometrical dimensions are optimised neither for normal incidence absorp-

tion nor transmission loss. That’s why in the case of the absorption shown in Figure 7.5, we

approach the optimal value of the impedance by increasing µ (associated with the presence of

roughness). On the other hand, in the case of the transmission loss illustrated in Figure 7.6,

increasing µ results in a shift away from the (unknown) optimum.

Analytical models which can be used to establish geometrical dimensions for optimal

transmission loss are presented in Appendix E.2.

7.2.2 Acoustic-material solution design

Chains of six cells of the optimised unit-cell design were arranged in the form of two blocks: a

smaller structure (shown in Figure 7.7) and a larger structure (illustrated in Figure 7.8). The

cross-section shapes of the blocks (as shown in Figure 7.7b and Figure 7.8b) corresponded to

the shape of the foam lining of the factory-made, unaltered silencer (shown in Figure 7.11a)

and roughly followed its curvature (c.f. Figure 7.11a and Figure 7.11b). The thickness of the

designed blocks was kept the same as the thickness of the foam: 150 mm.

(a) Geometry (b) Cross section

Figure 7.7: Smaller structure

The interior layout of the lattice of unit cells employs a space coiling approach to fit the

maximum number of unit cell chains into the blocks of material. The chains of 6 unit cells are
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wrapped around the interior of the blocks, see Figures 7.7b and 7.8b, with the inlets visible

in Figures 7.7a and 7.8a.

(a) Geometry (b) Cross section

Figure 7.8: Larger structure

The designed structures were manufactured using FDM-based Prusa i3 MK3S+, 15%

infill and the roughest 0.30 mm layer height. These settings were chosen to minimise the

print time and build material usage. Both blocks were designed to have an estimated print

material volume below 1 kg to allow fabrication using a single filament spool. The printer’s

build volume (250 mm x 210 mm x 210 mm) was also considered during the design process.

The slicing software estimated the volume of the smaller structure at 625 g and the larger

structure at 925 g, which led to the estimated cost of the build material required for man-

ufacturing at 27 Euros and 42 Euros, respectively. The estimated print time was calculated

at 34 hours for the smaller structure and 51 hours for the larger structure. The 3D printed

blocks are shown in Figure 7.9.

The difference between altered and unaltered silencer’s interior is presented in the schematic

shown in Figure 7.10, where the light-grey areas show the position and shape of the foam lin-

ing. In Figure 7.10b, some parts of the lining are replaced with 3D printed structures, marked

in black.

The difference between altered and unaltered silencer’s interior lining is displayed in Fig-

ure 7.11. Figure 7.11a shows the interior of the unaltered silencer, which was disassembled

right after initial experimental testing. Then, the foam lining was cut out to leave space for

the 3D printed structures. The lining of the altered silencer is shown in Figure 7.11b. Finally,

the modified silencer was reassembled in a way that provided a good seal and static placement

of the blocks.
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Figure 7.9: 3D printed structures

(a) Unaltered silencer (b) Altered silencer

Figure 7.10: Interior schematic

(a) Unaltered silencer (b) Altered silencer

Figure 7.11: Interior lining
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7.3 Experimental investigation

The transmission loss of unaltered (i.e. reference configuration) and altered silencers was

measured using an impedance tube in a normal incidence setup according to ASTM E2611.

The information regarding the testing procedure can be found in Section 1.3.3. The custom

rig used for the experimental testing is shown in Figure 1.5.

7.4 Results and discussion

Figure 7.12 compares the continuous transmission loss measured for two silencers, i.e. the

original (unaltered) and altered configuration. It is apparent from this graph that the 3D

printed acoustic material improved the performance of the modified silencer: additional sig-

nificant (peak) transmission losses are observed in the regions around two frequencies, 650 Hz

and 1650 Hz. These two frequency regions of the excessive transmission losses were previously

identified using numerical analyses (cf. Figure 7.12 and Figure 7.6), which confirms that they

are caused by the presence of the 3D printed structures. The observed frequency range and

performance increase agree qualitatively with the numerical predictions shown previously in

Figure 7.6.

Figure 7.12: Transmission loss (measurement results)
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Furthermore, despite removing the part of the foam lining, the broadband performance

is maintained over the almost full frequency range. The designed material added superior

quasi-tonal losses around the predicted frequencies on top of the broadband performance of

the foam liner.

The experimental results with respect to octave bands can be compared in Figure 7.13.

From this data, it can be seen that the altered silencer shows superior performance in the

low-frequency 500 Hz octave band. At the same time, this effect was not achieved at the

cost of decreased performance in other frequency bands, where two silencers exhibit similar

behaviour.

Figure 7.13: Transmission loss (octave bands)

The differences between the results of two silencers with respect to octave bands are given

in Table 7.1 for comparison.

Center Frequency [Hz] 63 125 250 500 1000 2000
∆ TL [dB] 3.2 -1 -3 10 -0.3 3.5

Table 7.1: Transmission loss difference (octave bands)
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7.5 Conclusions

The study presented in this chapter was conducted to design and 3D print an acoustic-material

solution for the low-frequency enhancement of a commercial acoustic silencer and evaluate its

performance. The results of this investigation show that low-cost 3D printing methods can

be used to manufacture fully customised acoustic materials for superior transmission loss at

target frequencies. For that reason, 3D printed acoustic materials can be used together with

classical foam liners to improve their broadband behaviour and tune the overall performance

of the silencer to the noise at specific frequencies of interest.

This approach opens the possibility of bespoke enhancements to off-the-shelf components

that can be rapidly designed and deployed in an industrial setting. In this case, enhancements

of over 30 dB were achieved at the target frequency with minimal material cost and no negative

impact on the existing broadband silencer performance.

Finally, the fluid shell modelling approach provided valuable insights into the impact of

surface roughness on the acoustic performance of the designed structure. The evidence from

this study suggests that although roughness is beneficial in normal incidence absorption, it

can negatively affect transmission loss. More work must be done to improve the design process

so the geometrical dimensions of the considered structures are optimised for maximum losses

(absorption or transmission loss). It is known that roughness increases airflow resistivity by

reducing the permeability of the material. Perhaps the ‘bad’ roughness increases the static

airflow resistivity (i.e. reduces the static viscous permeability) too much, which leads to a more

‘reflective’ material with lower transmission losses. Therefore, the ‘good’ roughness should

increase the phase or imaginary (lossy) part of the material’s dynamic viscous permeability.
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8.1. GENERAL CONCLUSIONS

8.1 General conclusions

The primary aim of this thesis was to design a novel cellular acoustic material suitable for

additive manufacturing that has been optimised through an iterative loop of numerical mod-

elling and experimental validation and to demonstrate a practical application of such 3D

printed materials. This aim was achieved.

In the pursuit of this goal, the following intermediate objectives were set and accomplished:

• To investigate and determine the acoustic impact of additive manufacturing on the

performance of the benchmark material and compare it among three distinctive 3D

printing technologies (Chapter 4).

• To update the numerical models to capture the actual manufactured material’s perfor-

mance and improve their suitability as a material design tool (Chapter 5).

• To develop material enhancements based on the benchmark unit cell’s geometry but

altered in such a way as to improve its acoustic performance, additively manufacture it

and perform an acoustic evaluation to assess its effectiveness (Chapter 6).

• To demonstrate a practical implementation of additively manufactured acoustic materi-

als for performance enhancement of a commercial off-the-shelf building acoustics silencer

(Chapter 7).

8.2 Summary of conclusions

Chapter 4 set out to determine the influence of the additive manufacturing process on the

acoustic performance of the benchmark material. In this study, three distinctive 3D printing

technologies were considered: extrusion-based FDM, photopolymerisation-based MSLA and

PBF-based SLM. Various NDT techniques were implemented to perform the quality inspec-

tion of samples manufactured using different 3D printing processes. Finally, a combination

of numerical and experimental methods was used for the acoustic evaluation. The main

conclusions drawn from this study are as follows:

• The additive manufacturing process heavily influences the acoustic properties of pro-

duced parts. The mismatch between numerical or analytical prediction and experimen-

tal results, in terms of the magnitude of absorption and peak location, is caused by

the distortion of the idealised, smooth CAD geometry. Occurring shape deformation
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results from layer-by-layer fabrication and other characteristics specific to different 3D

printing methods. Two major issues present in all considered print processes are surface

roughness and reduced dimensional accuracy. In addition, extrusion- and PBF-based

techniques are also subject to the microporosity of the build material. Furthermore,

some defects are specific to different technologies and include: filament stringing (FDM),

material shrinkage and expansion, and varying build quality along the z-axis (MSLA),

and satellite particles (SLM).

• The presence of additive manufacturing defects enhanced the performance of benchmark

design in comparison to numerical predictions. Nevertheless, despite this improvement

in the magnitude of the acoustic absorption, none of the manufactured samples oper-

ated at the target frequency. Perhaps dedicated corrections for ‘reduced dimensional

accuracy’ (especially the actual values of channel diameter) could improve this.

The study presented in Chapter 5 was undertaken to investigate the effects of surface

roughness on the acoustic performance of the benchmark material. Analysed samples were

produced using FDM and standard layer heights specific to this technology. The surface pro-

files obtained with a confocal microscope were used to design realistic, rough computational

geometries of numerical models, which corresponded to physical samples produced with dif-

ferent layer heights. Experimental and numerical investigation was carried out to evaluate

the acoustic impact of surface roughness. The following conclusions can be drawn from this

study:

• Surface roughness resulting from increasing the layer height plays a part in excessive

sound absorption above what is expected from the smooth numerical model. At lower

layer height values, a minimal increase in the dissipation within the material occurs.

Nevertheless, the slicing procedure affects the volume of the geometry and leads to a

change in the operating frequency. Additional dissipation is observed at higher layer

height values, increasing the absorption peak value in both experimental and numerical

datasets.

• Surface roughness is only partially responsible for the mismatch between numerical

predictions and experimental results. A broadband increase in absorption is present in

the experimental data, which is not replicated in the numerical data. It should be noted
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that the increase in layer height is also related to other 3D printing defects influencing

dimensional accuracy.

• Surface roughness increases the boundary layer thickness within the system, leading to

enhanced dissipation. Moreover, roughness enlarges the contact area between the air

and the solid skeleton of the structure.

In Chapter 6, the aim was to actively use the knowledge gained from two previously dis-

cussed chapters to design material enhancements. Taking advantage of the acoustic potential

of surface roughness was the main idea behind this study. That being the case, new designs

were created by applying roughness patterns to the walls of the smooth, benchmark geome-

try. Those patterns were based on confocal microscope data of FDM samples for two layer

heights: 0.15 and 0.25 mm. Various design alterations of the benchmark design were proposed

to assess the influence of the roughness location on the acoustic performance. Roughness was

applied to different parts of the geometry: on all surfaces, only on the spherical pore surface,

only on the surfaces of side channels, or finally only on the surface of in-line channels. MSLA

was chosen as a suitable manufacturing method as it utilises low layer height and can produce

a smooth, nominal benchmark design. The smooth geometry was used as a control sample

to assess the effectiveness of applied artificial roughness. Moreover, MSLA is not affected

by the microporosity of printing material. Therefore, the frequency shift between numerical

predictions and experimental results can be avoided or minimised. The acoustic evaluation

combined numerical and experimental methods. The main conclusions drawn from this study

are as follows:

• The geometrical location of the applied roughness determines the position of the ab-

sorption peak. Roughness should be applied to most acoustically significant locations to

avoid the frequency shift. Moreover, although the roughness applied only there did not

change the volume or surface area much compared to the smooth design, a significant

increase in the magnitude of absorption was achieved.

• Volume and surface area are two essential and correlated parameters of the considered

pore network system. The presence of roughness decreases the system’s volume and in-

creases the surface area compared to the smooth design. This change alters the acoustic

behaviour and leads to an increase in the magnitude of absorption. However, when the
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roughness pattern was applied elsewhere than the most acoustically important location

of the benchmark geometry, a frequency shift was observed.

The purpose of the study presented in Chapter 7 was to demonstrate a practical application

of 3D printed acoustic materials. A novel acoustic-material solution, in the form of a lattice

of subwavelength unit cells, was designed for the target frequencies of interest, manufactured

and applied to the interior of a commercial building acoustic silencer. The performance

enhancement with regard to transmission loss achieved by the acoustic-material solution was

experimentally demonstrated through a comparison of the original and altered silencers. The

following conclusions can be drawn from this study:

• Affordable 3D printing techniques can be utilised to produce fully customised acous-

tic materials that offer exceptional transmission loss at specific frequencies of interest.

This enables the creation of highly effective custom-made solutions for superior acoustic

performance.

• By combining 3D printed acoustic materials with traditional foam liners, it is possi-

ble to enhance the broadband characteristics of an acoustic system and target specific

frequencies of interest. Furthermore, this approach allows for a more comprehensive

optimisation of the silencer’s functionality to achieve desired acoustic outcomes.

• This approach presents an opportunity for tailored improvements to off-the-shelf com-

ponents, which can be rapidly designed and implemented in an industrial environment.

In addition, it opens the possibility for effective optimisation of existing commercial

components.

• The findings from this study indicate that while roughness proves advantageous in terms

of normal incidence absorption, it can have a negative impact on transmission loss.

8.3 Research contribution

This thesis has provided a deeper insight into the impact of additive manufacturing on the

acoustic properties of 3D printed materials. This first study has, for the first time, used

multiple NDT techniques, including confocal microscopy and CT scanning, to examine the

surface finish and the internal composition of an additively manufactured acoustic material. In

addition, this work broadens the knowledge of the acoustic implications of 3D printing defects
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used to explain the observed mismatch between experimental curves of sound absorption of

the same geometry produced using different additive manufacturing technologies.

The findings reported here shed new light on the potential of 3D printing defects, par-

ticularly surface roughness, to improve the performance of additively manufactured acoustic

materials. This is the first study to update the 3D geometry of the numerical model of the

idealised, smooth benchmark geometry with an authentic roughness pattern based on the

confocal microscope measurements and numerically assess the impact of surface roughness

using a direct, fully-coupled thermoviscous modelling approach.

This study has also been one of the first attempts to take advantage of 3D printing

defects to design material enhancements. Previous research utilised the acoustic potential of

microporosity of build material. In this study, artificially applied surface roughness was used

to enhance the acoustic performance of the benchmark design.

This research has demonstrated practical applications of 3D printed materials for the

acoustic performance enhancement of off-the-shell commercial components. In addition, these

findings should also help other researchers design novel acoustic materials for noise and vi-

bration control.

8.4 Suggestions for future work

Although manufacturing defects are unavoidable in 3D printing, the results presented in this

thesis indicate that they can be utilised for acoustic improvements. Therefore, in the future,

it will be crucial to use this knowledge when proposing new material designs.

This research has brought up many questions. For example, despite the fact that the

knowledge of the acoustic influence of 3D printing defects has been widened, further work is

required to develop more computationally efficient ways to incorporate those additive manu-

facturing features into numerical modelling. Further studies need to be carried out to improve

the indirect modelling strategy utilising the fluid shell approach. More work also needs to be

done on improving the design process so that the geometrical dimensions of the unit cell are

optimised for maximum absorption or transmission loss.

A natural progression of this work is also to investigate the acoustic influence of the geomet-

rical shape of artificial roughness used while designing novel porous materials. More research

is needed to develop an optimal surface morphology that exploits the benefits of increased

roughness while controlling for volume and surface area changes. Moreover, this roughened ge-
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ometry could also be implemented in the off-the-shelf components, such as acoustic silencers,

to enhance their performance further.
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APPENDIX A AIR PROPERTIES

A.1 Air properties

The air parameters used in all numerical and analytical models in this thesis are listed in Ta-

ble A.1.

Variable Name Value Unit

T0 Ambient temperature 293.15 K
p0 Atmospheric pressure 101325 Pa
c0 Speed of sound 343 m/s
ρ0 Density 1.20 kg/m3

µ0 Dynamic viscosity 1.825e-5 Pa·s
µb Bulk viscosity 0 Pa·s
Cp Heat capacity at constant pressure 1007 J/(kg ·K)
k Thermal conductivity 0.02514 W/(m ·K)
γ Ratio of specific heats 1.4 1
Pr Prandtl number 0.72 1

Table A.1: Properties of air in all models
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APPENDIX B MESH INDEPENDENCE STUDY

B.1 Smooth and rough geometries (neglected roughness on side
channels)

Figure B.1 illustrates original rough geometries used for the mesh convergence study. Origi-

nally, the roughness of the side channels was neglected, and these side cylinders were created

with a smooth surface finish. This decision was made because of the main interest in the ef-

fect of the surface roughness on the air propagation in the z-direction, i.e. along the material

thickness, and the limitations of the computational power to generate and solve such models.

(a) 0.10 mm LH (b) 0.15 mm LH

(c) 0.20 mm LH (d) 0.25 mm LH

(e) Smooth

Figure B.1: FEM model geometry comparison with smooth and rough surface finish
(the surface roughness of the side channels is ignored here; cf. Figure 5.5, where the side

channels are rough)
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B.2 Mesh independence study

The mesh data of the DENORMS geometry with smooth and rough surfaces shown in Fig-

ure B.1 are summarised in Table B.1. Only the three densest meshes are presented. Meshes

No. 2 shows sufficient convergence; therefore, this type of meshes (i.e. with a density of this

order) was selected for further calculations.

Layer height (LH) Parameter Mesh 1 Mesh 2 Mesh 3

Smooth
Degrees of freedom 623087 759585 1445023

Frequency [Hz] 2050 2050 2050
α 0.47706 0.47355 0.46952

0.10 mm
Degrees of freedom 1806812 6424023 16260040

Frequency [Hz] 1950 1950 1950
α 0.5418 0.5299 0.52963

0.15 mm
Degrees of freedom 2080749 6604091 16260040

Frequency [Hz] 1950 1950 1950
α 0.5411 0.53731 0.5370

0.20 mm
Degrees of freedom 2839260 5285220 11708458

Frequency [Hz] 1900 1900 1900
α 0.5926 0.5913 0.5895

0.25 mm
Degrees of freedom 1720705 5130150 9619616

Frequency [Hz] 1850 1850 1850
α 0.6304 0.6244 0.6235

Table B.1: Mesh independence study of DENORMS smooth and rough cell models
(neglected roughness on side channels)

The parameters of the converged meshes for every layer height are summarised in Ta-

ble B.2. α is the sound absorption coefficient found at the peak frequency.

B.3 Roughness of side channels

The parameters of the converged meshes were then used to create meshes for rough geometries

with included roughness of side channels, shown in Figure 5.5. The final mesh data is outlined

in Table 5.1. The viscous boundary layer thickness was used as a meshing parameter in the

simulations considered in this study. The meshes comprised tetrahedral elements for the bulk

and sweep elements for the boundary layer.
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Layer height (LH) Parameter Value

Smooth (i.e. LH = 0 mm)

Maximum element size 0.00122 m
Minimum element size 5.7E-3 m

Maximum element growth rate 1.5
Curvature factor 0.2

Resolution of narrow regions 1
Degrees of freedom 759585

Frequency [Hz] 2050
α 0.47355

0.10 mm

Maximum element size 0.000895 m
Minimum element size 6.5E-5 m

Maximum element growth rate 1.3
Curvature factor 0.3

Resolution of narrow regions 0.7
Degrees of freedom 8687633

Frequency [Hz] 1950
α 0.53651

0.15 mm

Maximum element size 0.00179 m
Minimum element size 1.3E-4 m

Maximum element growth rate 1.4
Curvature factor 0.4

Resolution of narrow regions 0.7
Degrees of freedom 8177212

Frequency [Hz] 1950
α 0.55384

0.20 mm

Maximum element size 0.00114 m
Minimum element size 4.88E-5 m

Maximum element growth rate 1.35
Curvature factor 0.3

Resolution of narrow regions 0.85
Degrees of freedom 6671377

Frequency [Hz] 1900
α 0.6017

0.25 mm

Maximum element size 0.00114 m
Minimum element size 4.88E-5

Maximum element growth rate 1.35
Curvature factor 0.3

Resolution of narrow regions 0.85
Degrees of freedom 5977069

Frequency [Hz] 1850
α 0.63755

Table B.2: Converged mesh (Mesh 2) data of DENORMS designs with smooth and rough
surfaces (in the latter case for different layer heights)
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C.1 Introduction

The analysis of fluid flows commonly involves solving the Navier–Stokes equation, with one of

its fundamental assumptions being Stokes’ hypothesis. In the context of a Newtonian fluid,

Stokes’ hypothesis assumes the bulk viscosity µb to be zero, suggesting that all losses are

primarily associated with shearing.

There are varying opinions on the appropriate value of the bulk viscosity µb. In this thesis

and other works [32], the bulk viscosity is neglected and set to zero. However, according to

other authors, in some situations, bulk viscosity effects are not negligible [142, 143]. The

Thermoviscous Acoustics module within COMSOL assumes, by default, the bulk viscosity to

be µb = 0.6 × µ for air [144]. Bulk viscosity is a measure of a fluid’s resistance to volume

change. Therefore, incorporating it into the model should represent supplementary losses that

govern sound attenuation within the system [15].

Hence, both approaches are considered valid for modelling purposes, and the influence of

the chosen bulk viscosity value on the sound absorption coefficient will be investigated in this

Appendix.

C.2 Numerical model setup

In this investigation, two different models of six layers of the DENORMS unit cell were taken

into account. First, it was the initial smooth model of benchmark geometry, as per Figure 4.17.

Second, it was the rough model with the 0.25 mm LH pattern applied to its surfaces, as per

Figure 5.5d.

Two configurations of the numerical models were considered. In the first arrangement,

all air properties were set according to Table A.1 with the bulk viscosity µb set to zero and,

therefore, neglected. In the second configuration, all these values were kept unchanged, except

for the bulk viscosity set to µb = 0.6× µ.

C.3 Results and discussion

The effects of the chosen bulk viscosity value are summarised in Figure C.1. The numerical

incorporation of bulk viscosity does not appear to change the shape of the sound absorption

curve or increase its magnitude significantly. For the smooth unit cell, a small rise in the

peak value can be observed for the µb = 0.6 × µ model in comparison to the µb = 0 model,
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which can be explained by the inclusion of additional losses. In the case of the rough unit

cell, the results of both models are almost identical. The difference between these two curves

(µb = 0.6× µ and µb = 0) is of 10−6 to 10−4 order of magnitude.

Figure C.1: Influence of bulk viscosity on sound absorption coefficient for six layers of
smooth and rough DENORMS unit cells

These findings validate the justification for excluding bulk viscosity in the numerical mod-

elling approach employed in this thesis.
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D.1 Introduction

Extrusion-based additive manufacturing remains the most popular 3D printing technology

researchers use for novel acoustic material development. Among all the studies discussed

in Section 3.3, the benchmark design DENORMS was the only structure to be manufactured

not only using FDM but also via more complex and costly photopolymerisation- and PBF-

based techniques. Several factors that contributed to the success and popularity of FDM

include: low operating costs, a wide range of print materials and easy handling of non-toxic

waste.

For that reason, extrusion-based 3D printing is a suitable choice for the initial prototyping

stage of acoustic material development. After optimising the geometrical design, the parts

should be manufactured using printing materials suitable for real-world applications in the

automotive or aerospace industry to produce fully functional parts. Those materials should

be high temperature resistant and be characterised by high impact strength. Photopolymer

resins fulfilling those criteria are available on the market. Metal powders are also clearly a

suitable material choice.

In extrusion-based additive manufacturing, produced parts suffer from low geometric ac-

curacy and surface roughness as the nozzle size and the precision of the extruder movements

determine the print resolution. The quality of 3D printed parts can; however, be improved.

The following sections will discuss two major approaches, process parameter optimisation and

post-processing. All samples considered in this study were manufactured using Prusa Mini

FDM 3D printer.

D.2 Parameter optimization

The quality of additively manufactured parts can be improved by adjusting the default print-

ing parameters before production. The general settings recommended by the 3D printer’s

manufacturer are calibrated for generic, large-scale objects and may not be suitable for the

production of complex microstructures, such as metamaterials.

This appendix is based on a conference paper: A. Ciochon, J. Kennedy, “Practical guidance on the
additive manufacturing of acoustic materials”, in 52nd International Congress and Exposition on Noise Control
Engineering (INTER-NOISE 2023), Chiba, Greater Tokyo, Japan, Aug. 2023
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The original cylindrical samples, described in detail in Section 4.2, were manufactured

using default printing parameters. Several NDT techniques were used for quality control, as

per Section 4.3. Except for surface roughness occurring due to the staircase effect, thoroughly

investigated in Chapter 5 and Chapter 6, produced parts were heavily affected by the issue

of filament fibres trapped in the cavities.

All samples considered in this study, printed with default and altered process settings,

were manufactured using the same Verbatim PLA filament.

D.2.1 Pre-processing

Parameter Default value New value

FILAMENT SETTINGS
Extruder temperature 215◦C 195◦C

PRINT SETTINGS
Perimeters printing speed 50 mm/s 40 mm/s

PRINTER SETTINGS
Retraction length 3.2 mm 2 mm
Retraction lift z 0.2 mm 0 mm
Retraction speed 70 mm/s 50 mm/s
Deretraction speed 40 mm/s 30 mm/s

Table D.1: Default and altered 3D printing parameters

To improve the quality of FDM parts and eliminate the issue of filament stringing, several

default printing parameters were adjusted in the slicing software PrusaSlicer. Multiple 3D

printing attempts were performed to establish their optimal values. The comparison between

the default and altered values of the adjusted parameters is summarised in Table D.1. More-

over, the ‘Avoid crossing perimeters’ feature was enabled. The filament was also put inside a

dry box to minimise the possible negative impact of the room temperature and humidity.

D.2.2 Additive manufacturing

Standard layer heights were used during the fabrication of parts: 0.10, 0.15, 0.20 and 0.25 mm.

For each of the chosen layer heights, three cylindrical samples were manufactured to account

for the repeatability of the additive manufacturing process. Each of these samples corre-

sponded to a six-cell deep array.
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(a) Default printing parameters (b) Altered printing parameters

(c) Default printing parameters (d) Altered printing parameters

Figure D.1: Samples manufactured with different 3D printing parameters

Visual inspection

Samples produced with altered 3D printing parameters were inspected using a digital mi-

croscope and compared against samples manufactured with default settings. Figure D.1 il-

lustrates the difference between the quality of DENORMS cylinders manufactured with two

types of considered settings. As seen from the figures, altering the parameters improved the

quality of samples and eliminated the stringing issue.

D.2.3 Acoustic evaluation

A combination of numerical and experimental techniques was applied in this study to perform

the acoustic analysis. The assessment was carried out by comparing the numerical results of a

smooth idealised DENORMS geometry with the experimental results of DENORMS samples

manufactured using FDM with default and altered 3D printing parameters.
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D.2.4 Results and discussion

Figure D.2: Experimental and numerical results of the sound absorption coefficient

Figure D.2 presents the experimental results of FDM samples produced with different

layer heights using default and altered printing parameters and compares against the numer-

ical results of the smooth, idealised DENORMS geometry. It is apparent from this figure

that improving the quality of samples by eliminating the filament stringing issue decreased

excessive sound absorption. The altered samples shifted closer to the numerical prediction.

Moreover, the shape of the experimental curves changed and began to resemble the shape

of the numerical curve more, especially in the lower frequency region. However, even with

this quality improvement, there is still a significant difference in the magnitude of absorption

between experimental and numerical results. Nevertheless, simple adjustment of printing pa-

rameters (lowering printing speeds, decreasing extruder temperature) notably improved the

coherence between numerical and experimental results.
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D.3 Post-processing

Post-processing of produced samples is another approach to improving the quality in addi-

tive manufacturing. The rough surface finish of FDM parts can be diminished by various

smoothing procedures. However, in the case of complex microstructures, applying vapours is

the most suitable method.

Extrusion-based additive manufacturing technologies are commonly used at home, often

for hobby purposes. However, very few commercial vapour smoothing machines exist on the

market, and they can be expensive. For that reason, hobbyists and 3D printing enthusiasts

developed alternative do-it-yourself solutions. Self-made vapour smoothing systems utilise

acetone to melt the outer surfaces of ABS parts. In this method, the 3D printed part is

placed on a raised platform in an enclosed container made of material that will not dissolve

upon contact with acetone, such as glass or polypropylene. In the next step, tissue papers,

which have been soaked in acetone, are placed inside the box. The container is then closed,

but not fully sealed, to prevent potential hazards resulting from the pressure buildup. The

smoothing occurs inside the chamber, and the part is taken out when it reaches the desired

smoothness level.

Heat and air circulation should be introduced for this post-processing method to effi-

ciently reach and smooth the inner parts of complex microstructures. This can be achieved

by adding a fan inside the container. Unfortunately, this solution presents another fire haz-

ard. For that reason, in this investigation, a mid-range commercial desktop post-processing

machine, Polysher, was used to improve the surface quality of additively manufactured sam-

ples. Polysher creates a fine mist of isopropyl alcohol to smoothen out parts produced using

compatible filaments developed by Polymaker, PolySmooth.

D.3.1 Additive manufacturing

DENORMS benchmark design was manufactured using the 0.15 mm layer height, PolySmooth

teal filament, and altered, optimised printing parameters, as per Appendix D.2. Three cylin-

drical samples were produced. Two were chosen for post-processing, and one was supposed

to be the control sample to assess the efficiency of vapour smoothing. Each of these cylinders

corresponded to a six-cell deep array. Additionally, two halves of the DENORMS sample were

manufactured separately to investigate the depth of the vapour penetration.
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Visual inspection

(a) PLA (b) PolySmooth

Figure D.3: Raw 0.15 mm layer height samples produced with same optimised settings using
the same Prusa Mini FDM printer

The raw PolySmooth sample was visually compared with the PLA sample to establish

whether filament change affected dimensional accuracy. Digital microscope pictures of the tops

of both cylindrical samples showed Figure D.3 illustrate that no significant change occurred.

D.3.2 Post-processing method

(a) (b) (c)

Figure D.4: Post-processing of FDM parts via vapour smoothing

The vapour smoothing procedure is shown in Figure D.4. The DENORMS cylinder was

first placed inside Polysher (Figure D.4a). Next, the nebuliser created an alcohol mist and
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distributed it inside the chamber (Figure D.4b). The part placed on a rotating platform was

exposed to the effect of the vapour for a duration of 40 minutes, as recommended by the

machine’s manufacturer (Figure D.4c). After the cycle was completed, the polished sample

was left to dry and solidify.

Figure D.5: Comparison between raw (on the left side) and post-processed
(on the right side) FDM part

Visual comparison between the raw and post-processed samples is illustrated in Figure D.5.

Figure D.6 compares the inner surface finish of both parts more thoroughly.

(a) Raw part (b) Post-processed part

Figure D.6: Surface finish of inner cavity of FDM PolySmooth parts

In the final step, a cylinder assembled out of two separately manufactured sample halves

(Figure D.7a) was tied with a string and post-processed, in the same manner, using Polysher.

The vapour smoothed out the outer surface of the sample, shown in Figure D.7b. On the

other hand, the inner surface illustrated in Figure D.7c remained rough, and the individual
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layer lines are clearly visible. As seen from the figures, the alcohol mist did not penetrate the

structure and was effective only on outer surfaces.

(a) Assembled cylinder (b) Outer surface (c) Inner surface

Figure D.7: Investigation of the vapour penetration depth

D.3.3 Acoustic evaluation

This evaluation compared the experimental results of 0.15 mm layer height rough (raw) and

smooth (post-processed) PolySmooth samples, investigated in this section, with 0.15 mm

layer height PLA sample produced with optimised printing parameters, as described in Ap-

pendix D.2.

D.3.4 Results and discussion

Figure D.8 compares the sound absorption of different FDM samples manufactured using the

same layer height and the same printing settings. The post-processing of the PolySmooth part

did not affect the material’s behaviour, which was expected, as the alcohol vapour smoothened

only the exterior surface. However, what is interesting in this data is the significant difference

between the results of two not post-processed parts, PolySmooth raw and PLA. These findings

suggest the acoustic characteristics of the chosen printing material have a significant influence

on the performance of designed micro lattices and pore networks. Therefore, they should be

considered during the acoustic material design process.
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Figure D.8: Experimental results of the sound absorption coefficient: 0.15 mm layer height
FDM samples

D.4 Conclusions

The present study focused on improving the quality of FDM parts and determining its effect on

the acoustic performance of manufactured samples. Two major approaches for enhancing the

quality in additive manufacturing include pre-processing by optimising printing parameters

before production and post-processing by applying additional finishing treatments to the

fabricated part. The benchmark design DENORMS was the subject of this investigation. All

manufacturing procedures were carried out using Prusa Mini FDM printer.

The first part of this study was undertaken to eliminate the issue of filament stringing in

voids and investigate its influence on the extensive sound absorption of the whole system. For

that reason, process parameters were adjusted before manufacturing. By decreasing printing

speeds and lowering extruder temperature, the quality of samples was enhanced, and DE-

NORMS voids were no longer subject to the presence of filament fibres. This improvement

enabled the experimental curves of sound absorption to shift closer to the numerical predic-

tions. Furthermore, the shape of experimental curves changed, especially in lower frequency

region, and began to resemble the numerical curve more. Nevertheless, the FDM samples are

still subject to other 3D printing defects, such as surface roughness, microporosity of build
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material and reduced dimensional accuracy, which increase the magnitude of the experimental

peak and shift its position compared with the numerical prediction.

The second part of this study set out to determine the effectiveness of post-processing

in improving the quality of FDM parts. That being the case, the benchmark design was

manufactured using the optimised printing parameters and 0.15 mm layer height. In addition,

the printing material was changed from the default PLA to the special PolySmooth filament,

explicitly designed for the Polysher post-processing unit to create 3D models with smooth

surfaces. Produced parts underwent vapour smoothing procedures in Polysher. The visual

inspection showed that alcohol mist smoothed only outer surfaces and did not penetrate deeper

inside the lattice. Therefore, no considerable differences were observed between the control,

raw PolySmooth sample and post-processed PolySmooth samples. However, a comparison

between both types of PolySmooth samples and previously investigated PLA samples showed a

significant influence of the chosen filament on the acoustic behaviour of the benchmark design.

These findings suggest that the printing material’s properties should always be considered.

These findings provide valuable insights for future research. Applied pre-processing by op-

timising process parameters and choice of printing material proved to have a substantial effect

on the acoustic properties of the 3D printed benchmark design. However, considerably more

work will need to be done to improve the effectiveness of post-processing vapour techniques

in smoothing interior or micro lattice structures.

It is better to keep microfibers, microporosity and similar imperfections as they increase

sound absorption. However, these effects should be taken into account during numerical

modelling, which is not an easy task.
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E.1 Sound absorption model for normal incidence

Consider a flat wall at x = 0 with perforations of diameter d in a square array with distance

H between perforations. The perforations have a depth L >> d and are closed at x = L.

This sample is placed in a wide impedance tube. For a theoretical model, we isolate one

single perforation. The acoustic field in the impedance tube in the region I (x < 0) is the

superposition of an incoming plane wave of amplitude p+I and a reflected plane wave with

amplitude p−I (at x = 0).

Figure E.1: Absorption model - schematic

Consider, as an approximation, a semi-infinite duct of square cross-section area H2 (x <

0) terminated at x = 0 by a rigid flat wall with at its centre a perforation of diameter d < H.

For region II ( within the perforation x > 0), there is a uniform pipe of cross-section diameter

d and length L terminated by a closed wall, as illustrated in Figure E.1. The square-duct walls

are actually ‘virtual’ boundaries. Hence, there are no visco-thermal losses on these boundaries

due to symmetry. The losses due to interaction with the flat wall at x = 0 will be neglected.

The losses are assumed to be due to visco-thermal effects in the perforation. The effect of the

non-uniformity of the acoustic field at the perforation inlet will be neglected. This effect can

be taken into account by adding an end correction to the perforation depth [17, 18, 43–45].

It appears to be a small correction (O(d)) that will be neglected.

A plane wave propagation and a high Stokes number ( St = d
δv

>> 1) are assumed. The

viscous boundary layer thickness δv is given by Equation (E.1).

δv =

√
2µ

ρω
(E.1)

where µ is the dynamic viscosity, ρ is the density of air saturating the perforation and duct,

and ω = 2πf is the angular frequency (f is the standard frequency).
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The acoustic field in the region I (the wide impedance tube) is given by Equation (E.2).

p(x, t) = (p+I e
−ikIx + p−I e

ikIx)eiωt (E.2)

where the wavenumber kI = k0 = ω
c0

(here, k0 and c0 are the wavenumber and speed of

sound in air, respectively). The acoustic field in region II (the narrow perforations) is given

by Equation (E.3).

p(x, t) = (p+IIe
−ikIIx + p−IIe

ikIIx)eiωt (E.3)

The wave number kII is given by Equation (E.4).

kII = k0(1 + (1− i)
δv
d
(1 +

γ − 1√
Pr

)) (E.4)

where γ is the Poisson ratio of specific heats and Pr is the Prandtl number for air.

The p+I is given. By neglecting the heat transfer at the closed pipe termination x = L,

the boundary condition in the first-order approximation is given by Equation (E.5).

p+IIe
−ikIIL − p−IIe

ikIIL = 0 (E.5)

The application of the equation of momentum (linearised Bernoulli’s equation) to the

transition between region I and region II yields, in first-order approximation, a continuity of

pressure given by Equation (E.6) [17, 18].

p+I + p−I = p+II + p−II (E.6)

The mass conservation equation implies first-order approximation given by Equation (E.7).

H2k0(p
+
I − p−I ) =

π(d− (1− i)δv)
2

4
kII(p

+
II − p−II) (E.7)

The above equations are used to find normalised impedance z = Z
Z0

, where Z0 is the

characteristic impedance of air and Z is the surface impedance at x = 0 (‘seen’ form x < 0),

which is determined by Equation (E.8) (valid only for d
δv

>> 1).

z =
1 +R

1−R
=

kII
k0

(
1 + e−2ikIIL

1− e−2ikIIL

)
4

π

(
H

(d− (1− i)δv)

)2

(E.8)
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where R = z−1
z+1 is the reflection coefficient which can be used to calculate the absorption

coefficient α = 1− |R|2.

In the first approximation, the maximum absorption is expected to be close to the quarter

wavelength resonance e2ik0L = 1. This allows an estimation of the absorption coefficient.

E.1.1 Prediction of an optimum absorption

Considering the geometry described above (Figure E.1) with H = 5 mm and L = 30 mm,

the absorption coefficient α has been calculated as a function of the frequency f for various

diameters. The value of the pitch H = 5 mm of the perforation array and of the pore depth

L = 30 mm correspond to the DENORMS model. The pore diameter d has been varied

around the value used for the DENORMS geometry d = 2.00 mm, allowing comparison

between the DENORMS porous plate and the simple straight channel perforations. Results

are displayed in Figure E.2. One observes that a maximum in absorption occurs close to

the quarter-wavelength resonance frequency of the pores fresonance ≃ c0
4L = 2.86 kHz. This

maximum is because the power dissipated scales quadratically with the amplitude of the

pressure fluctuations in the resonator |p(L)|. At resonance, this pore-pressure-fluctuation

amplitude |p(L)| is much larger than the incident wave amplitude |p+I |.

Figure E.2: Absorption model - results

Figure E.2 summarises the obtained analytical results for perforation with a varying diam-

eter d. Data from this graph suggests that the global behaviour of the DENORMS geometry

matches the performance of this simplified, perforated plate model. However, the major differ-

ence between these two geometries is the working frequency. By introducing spherical cavities
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to the tube resonator in the DENORMS cell, the shift of the peak frequency towards lower

frequencies was achieved (about 30% lowering).

At first sight, the surprising result is the existence of an optimum value of the pore diameter

d to maximize the sound absorption factor αmax. In the present case, the optimal diameter

is d = 1.5 mm. The acoustic power dissipated in the pores also scales with the square of the

amplitude of the pressure fluctuations |p(L)|.

The ratio Q = |p(L)/p(0)| of the pressure fluctuations at the closed end of the pore |p(L)|

to the inlet pressure fluctuation |p(0)| is called the quality factor of the resonator. For given

incident-wave amplitude p+I , the pore pressure amplitude |p(L)| at the resonance frequency

depends on the quality factor of the resonator, which apparently does strongly depend on d.

The inlet pressure fluctuation amplitude |p(0)| varies between |p+I | for full absorption (p−I = 0)

and 2|P+
I | for full reflection (|p−I | = |p+I |). Hence, the inlet pressure p(0) varies at most a

factor 2 while the quality factor Q can vary by a few orders of magnitudes. For narrow tubes

(d/δv = O(1) and d << H), the quality factor is limited by friction losses in the pore and

is very low. The quality factor increases with increasing pore diameter d because Im[kII ]

is inversely proportional to the diameter d. When the pore diameter d approaches H, the

radiation from the pore to the main pipe is such that there is no resonance. The quality factor

is low (Q = 1 because there is no resonance |p(0)| = |p(L)|). Therefore, one expects that there

is a critical diameter for which there is a maximum of Q. This implies maximum absorption

upon normal incidence αmax. One finds that there is (for the specified values of H = 5.0 mm

and L = 30 mm) an optimum αmax close to unity for d = 1.5 mm. This indicates that the

choice of parameters (d = 2.0 mm) of the DENORMS geometry is reasonable but might not

be optimal.

A drawback of the quarter-wavelength resonance is that it imposes a minimum plate

thickness if we want to achieve a specific resonance frequency. This plate thickness can be

reduced by coiling up the pore [15, 40, 41, 46, 145].

E.1.2 Comparison with the numerical and experimental results

Figure E.3 provides a comparison of experimental and numerical results presented in Chap-

ter 4 with the analytical predictions obtained from the model discussed in this Appendix.

The experimental curve represents the results of the highest-quality SLM samples, and the

numerical curve represents the results of the smooth COMSOL model. Two analytical curves

were drawn on this graph, one closely corresponding to the DENORMS geometry (perforation
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length L = 30 mm and diameter d = 2 mm) and a second one with parameters altered in such

a way to match the numerical curve closely (perforation length L = 41 mm and diameter d

= 2.7 mm).

Figure E.3: Sound absorption results comparison

Based on this data, it is evident that the analytical model can effectively capture the per-

formance of the DENORMS geometry. Furthermore, the model offers a reasonable prediction

of the order of magnitude without the need for parameter tuning. The observed absorption

peak can be attributed to a quarter-wavelength resonance, with a quality factor significantly

affected by radiation losses.

The uncertainty of about 3 % in the perforation radius between different physical samples

was demonstrated through digital microscopy and discussed in detail in Section 4.3.1. This

reduced dimensional accuracy caused by additive manufacturing contributes to the variations

in the experimental results. It can be used to explain differences demonstrated through the

error bars. However, it is not the most important cause for the mismatch between experimental

results and analytical or numerical predictions.

Finally, Figure E.3 has been supplemented with an experimental curve of a hard wall

termination. Theoretically, such a metal plate should be almost perfectly reflective, and,
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therefore, its absorption coefficient should be close to zero. The absorption due to heat

transfer at a flat wall follows Landau and Lifchitz [146] α = 4γ−1
c

√
πfν
Pr = O(10−3) in the

kHz range. The non-zero absorption in an empty impedance tube is also due to losses on

the tube walls. Therefore, the presented experimental results of the hard wall termination

indicate the extent of the measurement error (10%). This suggests that, especially in the

higher-frequency region, the behaviour of the impedance tube can at least partially explain

the difference between theory and experiment.

E.2 Transmission loss model for a muffler

E.2.1 Single lumped side branch model

Consider a main duct segment with a surface area S and N thin cylindrical perforations with

diameter d in the side walls, see Figure E.4(a). The perforations have a depth L >> d and

are closed at y = +L. For a very crude theoretical model, all the perforations are lumped

together into a single side branch of a surface area Sp. Plane waves are assumed in this side

branch with a wave number kII corresponding to the wave number calculated using the thin

Stokes boundary layer approximation (Eq. E.4). Assuming low frequencies, the acoustic field

in the main pipe is also described in terms of plane waves. The acoustic field in the duct in

the region I (x < 0), see Figure E.4(b), is the superposition of an incoming plane wave of

amplitude p+I and a reflected plane wave with amplitude p−I (at x = 0). In the main pipe, it

is assumed that visco-thermal dissipation is negligible. Hence kI = ω
c0

.

Figure E.4: Lumped side branch transmission loss model - schematic: (a) duct with N
perforations, (b) duct with a single lumped side branch
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For region II (within the perforation x ≈ 0), there is a uniform pipe of length L terminated

by a closed wall, as illustrated in Figure E.4(b). The surface area of a lumped perforation is

given by Equation (E.9).

Sp = nSh = n
π

4
(d− 2dv)

2 (E.9)

where N is the total number of perforations, Sh is the surface area of a single perforation, Rp

is the radius of a single perforation and dv = 1
2(1 − i)δv is the displacement thickness [147],

which takes the effect of the viscosity on the volume flux into account.

The losses due to interaction with the flat wall at y = L will be neglected. The losses are

assumed to be due to visco-thermal effects in the perforation. The effect of the non-uniformity

of the acoustic field at the perforation inlet will be neglected. This could be taken into account

by introducing end-corrections to the branches of the junction [148]. The acoustic field in the

region II is the superposition of an incoming plane wave of amplitude p+II and a reflected

plane wave with amplitude p−II .

The acoustic field in the duct in the region III (x > 0) is described only by an incoming

plane wave of amplitude p+III . In other words, the reflected plane wave of amplitude p−III is

assumed to be negligible (p−III = 0).

The application of the equation of momentum (Linearized Bernoulli [17, 18, 147]) to the

transition between region I and region III yields:

|pI − pIII | =
∣∣∣∣ρ d

dt

∫ III

I
u⃗.dx⃗

∣∣∣∣ = O

(
ω|pIII |D

c0

)
(E.10)

Hence, in first-order approximation for low frequencies (kD << 1 with D the characteristic

length scale of the junction), there is a continuity of pressure given by Equation (E.11).

p+I + p−I = p+III (E.11)

The application of the equation of momentum (Linearized Bernoulli Equation (E.10)) to

the transition between region I and region II yields, in first-order approximation, a continuity

of pressure given by Equation (E.12).

p+I + p−I = p+II + p−II (E.12)
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The amplitude of the velocity fluctuation outside the viscous boundary layers ui in region

i = I, II or III is given in terms of the wave amplitude by:

ui =
ki
ρω

(p+i − p−i ) (E.13)

The corresponding volume flux is this velocity multiplied by the cross-sectional area cor-

rected for the displacement thickness times the perimeter. Neglecting the mass change in

the junction of the main pipe and the side branch, one should have a continuity of volume

fluxes at the junction [18]. This is a consequence of the linearized integral mass conservation

law at low frequencies kD << 1. The continuity of volume flux at the junction is given by

Equation (E.14)

p+I − p−I − p+III =

(
kII
kI

)(
Sp

S

)
(p+II − p−II) (E.14)

The condition of zero velocity at y = +L, the closed end-wall of the perforations, is

described by Equation (E.15).

p+IIe
−ikIIL − p−IIe

ikIIL = 0 (E.15)

By combining the above equations, one finds Equation (E.16):

−2p−I
p+I + p−I

= (
kII
kI

)
Spi tan(kIIL)

S
(E.16)

The reflection coefficient R is then calculated as per Equation (E.17).

R =
p−I
p+I

=
−(kIIkI

)(
iSp tan(kIIL)

2S )

1 + (kIIkI
)(

iSp tan(kIIL)
2S )

(E.17)

where kI ≈ ω
c0

.

The transmission coefficient T is given by Equation (E.18).

T =

∣∣∣∣p+IIIp+I

∣∣∣∣ = ∣∣∣∣1 + p−I
p+I

∣∣∣∣ (E.18)

Finally, the transmission loss TL of the considered system is obtained through Equa-

tion (E.19).

TL = −20 log10(T ) (E.19)
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Prediction of transmission loss

Considering the geometry described above (Figure E.4) with L = 118 mm and N = 91,

the transmission loss TL has been calculated as a function of the frequency f for various

perforation diameters d. The chosen values of perforation depth L = 118 mm and the

number of perforations N = 91 correspond to the DENORMS-based silencer geometry dis-

cussed in Chapter 7. By varying the perforation radius Rp around the value employed in

the DENORMS-based silencer geometry (Rp = d
2 = 3.75 mm), a comparison can be made

between the DENORMS-based porous sample and the simple straight channel perforations.

The results are presented in Figure E.5. It is evident from the graph that the transmission

loss increases with an increase in the perforation radius.

Figure E.5: Lumped side branch transmission loss - results

Figure E.5 provides a comprehensive overview of the analytical results obtained for per-

forations with varying radii Rp. These data can be cross-referenced with the information

presented previously in Chapter 7. Such a comparison reveals that the analytical model effec-

tively predicts the order of magnitude of damping. However, the primary distinction between

these two geometries lies in their operational frequencies. By incorporating spherical cavi-

ties into the tube resonator within the DENORMS-based geometry, a noticeable shift of the

peak frequency towards lower frequencies was achieved, resulting in a significant reduction

of approximately 20% in the peak frequency. A steady increase in transmission losses with

the increase in perforation radius Rp can be observed. This indicates that the contribution

of the perforations is, to a large part, a reactive contribution. In the frictionless limit, a
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quarter-wavelength side branch imposes a zero transmission T = 0 (singularity in TL). Finite

transmission losses at the quarter-wavelength resonance frequency are due to friction losses

in the side branch.

E.2.2 Multiple side branches model

Consider a main duct with a cross-sectional surface area S. In the side walls of the duct (x, z)

plane, there are N rows of M perforations; see Figure E.6(a). The rows are in the z direction.

The distance in the x direction between successive rows is H. Each perforation is circular

with a radius Rp = d/2. The perforations have a depth L >> Rp and are closed at y = +L.

For a theoretical model, we lump all M perforations of each row (in the z direction) together

into one side branch of a cross-sectional surface area Sh. There are N of such lumped side

branches in the x direction; see Figure E.6(b). While considering a single such side branch

shown in Figure E.6(c), three different positions along the main duct can be distinguished:

j − 1 just after the n − 1 =
[
1
2(j + 1)− 1

]
-th side branch, j just before the n = 1

2(j + 1)-th

side branch and j + 1 just after the n = 1
2(j + 1)-th side branch.

Figure E.6: Multiple side branches transmission loss model - schematic: (a) the perforations
are organized in N rows of M perforations, the row is along the z-direction, (b) each row of
M perforations is lumped into a side branch, the distance in the x-direction (along the main
channel axis) between two successive rows is H, (c) a close-up of the side branch n = 1

2(j+1)

The acoustic field in position j is described by the superposition of the plane waves p+j and

p−j , which are related to the plane waves p+j−1 and p−j−1 at position j − 1 by Equation (E.20)

and Equation (E.21), respectively.

p+j = e
−i ω

c0
H
p+j−1 (E.20)
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p−j = e
+i ω

c0
H
p−j−1 (E.21)

where H is the distance between two rows of M perforations lumped into a side branch.

The application of the equation of momentum (Linearized Bernoulli Eq.E.10) to the tran-

sition between positions j − 1 and j along the main duct yields in first-order approximation

a continuity of pressure given by Equation (E.22).

p+j + p−j = p+j+1 + p−j+1 (E.22)

The application of the equation of momentum (Linearized Bernoulli) to the transition

between position j and the region II inside separated perforation yields, in first-order approx-

imation, a continuity of pressure given by Equation (E.23).

p+j + p−j = p+II + p−II = p+II(1 + e−2ikIIL) (E.23)

The continuity of volume flux is given by Equation (E.24).

p+j −p−j −p+j+1+p−j+1 = (
Sh

S
)(p+II−p−II) = (

ShkII
Sk0

)p+II(1−e−2ikIIL) = (
ShkII
Sk0

)(p+j +p−j )i tan(kIIL)

(E.24)

where Sh = M π
4 (d − 2dv)

2 is the area of the side branch (lumped row of M perforations),

d = 2Rp is the diameter of the perforation and dv = 1
2(1− i)δv is the displacement thickness.

The condition of zero velocity at y = +L, the closed end-wall of the perforation, is

described by Equation (E.25).

p+IIe
−ikIIL − p−IIe

ikIIL = 0 (E.25)

The reflection coefficient R is given as:

R =
p−inlet
p+inlet

=
p−j=1

p+j=1

(E.26)

The transmission coefficient T is given as:

T =
p+outlet
p+inlet

=
p+j=2N

p+j=1

(E.27)
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By combining the above equations, one finds Equations (E.28) to (E.31).

 1 1

(1− c0kII
ω

Sh
S i tan(kIIL)) (−1− c0kII

ω
Sh
S i tan(kIIL))

p+j
p−j

 =

1 1

1 −1

p+j+1

p−j+1

 (E.28)

p+j+1

p−j+1

 =

1
2

1
2

1
2 −1

2

 1 1

(1− c0kII
ω

Sh
S i tan(kIIL)) (−1− c0kII

ω
Sh
S i tan(kIIL))

p+j
p−j

 = A

p+j
p−j


(E.29)

p+j
p−j

 =

e−i ω
c0

H
0

0 e
i ω
c0

L

 = B

p+j−1

p−j−1

 (E.30)

p+j+1

p−j+1

 = AB

p+j−1

p−j−1

 (E.31)

Finally, a model with N side branches (lumped rows of M perforations) and anechoic pipe

termination (p−j=2N = 0) can be described by Equation (E.32).

(AB)N

1
R

 =

T
0

⇒ TL = −20 log10(T ) = −10 log10(T
2) (E.32)

Prediction of transmission loss

Considering the geometry described above (Figure E.6) with L = 118 mm perforation length,

distance H = 10 mm between rows of perforations, N = 13 rows (N = Nl+Ns = 8+5, as per

Figure E.7) of M = 7 perforations, the transmission loss TL has been calculated as a function

of the frequency f for various diameters. The selected values of perforation depth L = 118

mm and the number of perforations N x M = 91 correspond to the DENORMS-based silencer

geometry discussed in Chapter 7.

Although in the physical samples, the distance between almost all perforations was H =

20 mm, in the simplified analytical model, we stack all the perforations from the larger

(subjacent) and smaller (superjacent) structures next to each other into one structure. As

the total length of the duct should be similar to the experimental one, we need to divide the

original distance by two to fit all the perforations into one similar-sized block, and as a result,
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H = 10 mm. The main channel cross-sectional area S = 0.04 × 0.15m2 corresponds to the

narrowest cross-section of the muffler channel.

(a) Larger structure (b) Smaller structure

Figure E.7: N rows of M perforations in transmission loss samples used on the sides of the
inlet section of the muffler channel (the shape of the channel is shown in Fig. 7.10)

Figure E.8: Multiple side branches transmission loss - results. Influence of the distance
between perforations H for a model with perforation radius Rp = 3.75 mm and perforation

depth L = 118 mm

Figure E.8 highlights the influence of the distance between perforations H on the trans-

mission loss. By lowering it from H = 20 mm to H = 10 mm, more reasonable results are

generated. It should be noted that by setting H = 0 mm, the model lumps all perforations

together, similarly to the previously discussed single-lumped side branch model. Therefore,

the H = 0 mm curve resembles the curve drawn for Rp = 3.75 mm from Figure E.5.
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Figure E.9: Multiple side branches transmission loss - results. Influence of perforation radius
for a model with N = 13 rows of M = 7 perforations (L = 118 mm) lumped into N = 13

side branches distant by H = 10 mm from each other

The results presented in Figure E.9 illustrate that the transmission loss increases with

an increase in the perforation radius. By adjusting the perforation radius Rp around the

value used in the DENORMS-based silencer geometry (Rp = d
2 = 3.75 mm), a comparison

can be made between the DENORMS-based porous sample and the simple straight channel

perforations. The results of the multiple-side branches model, illustrated in Figure E.5, are

similar to those of the single lumped side branch model, discussed in the previous section.

In this case, we also observe that incorporating spherical cavities into the tube resonator

within the DENORMS-based geometry resulted in a significant shift of the peak frequency

towards lower frequencies. Again, for the multiple side branch model, the steady increase of

transmission losses TL with increasing Rp indicates a strong contribution of reactive losses.

E.2.3 Comparison with the measured transmission losses of a muffler

Figure E.10 presents a comprehensive comparison between the experimental results of trans-

mission loss discussed in Chapter 7 and the analytical predictions derived from the models

presented in this Appendix. The experimental curve is the difference between the results of

the original (unaltered) silencer and an altered silencer with a modified interior. Two analyti-

cal curves were drawn on this graph, and the parameters used for the calculations correspond

to the dimensions of the samples applied to the interior of the silencer, in particular Rp = 3.75

mm. The number of perforations was chosen as N = 91 for the single lumped side branch
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model, and N = 13 rows of M = 7 perforations for the multiple side-branches model with

H = 10 mm. In the multiple side-branch model, N ×M = 91 corresponds to the total num-

ber of perforations. The sample thickness was increased to L = 160 mm to shift the position

of analytical peaks towards lower frequencies to an extent comparable to the experimental

results. Note that the deeper perforation L = 160 m also reduces the transmission losses by

about 8 dB compared to results for L = 118 mm displayed in Figure E.9.

Figure E.10 show that despite the numerous simplifications made in both analytical mod-

els, they are indeed capable of globally capturing the performance of the modified silencer.

The prediction accuracy is higher for the multiple-side branch model by 22 dB compared to

the single-lipped side branch model. This is because the multiple-side branches model con-

siders the sample geometry in more detail, leading to more accurate predictions. The model

provides a tool to obtain, with a minimum of computational effort, some insight into the

influence of parameters such as the channel cross-sectional areas S, the perforation radius Rp,

the distance between rows of perforations H, and the number of perforations N ×M .

Figure E.10: Transmission loss - results comparison

The ‘multiple-peak structure’ observed in the absorption losses around the resonance fre-

quencies could result from variations in the resonance frequency of the pores due to manufac-
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turing defects. This is similar to the behaviour observed by Flanagan [15] in normal incidence

absorption for samples with non-uniform pore depth. In the present case, it would be due

to manufacturing inaccuracies, resulting in a non-uniform pore depth. The model could be

extended to account for such a non-uniformity of the perforation geometry. The variation in

the cross-sectional area of the main channel could also be implemented in a low-frequency,

quasi-one-dimensional approximation.

E.3 Conclusions

Simplified analytical models were introduced to describe the phenomena of acoustic absorption

and transmission loss. These models were developed to capture the observed performance of

designed and 3D printed materials. Additionally, a comparison between DENORMS-based

structures and simple straight channel perforations enabled a better understanding of the

variations in performance between these two types of geometries. The main conclusions

drawn from this study are as follows:

• The primary advantage of the DENORMS geometry, compared to tube resonators, lies

in its operating frequency range. The introduction of spherical cavities to the tube

resonator in the DENORMS cell leads to the shift of the peak frequency towards lower

frequencies.

• There is an optimal cylindrical pore diameter to maximise sound absorption upon normal

incidence. Therefore, while the chosen geometrical parameters of the DENORMS cell

in this study are reasonable, they may not be optimal for achieving maximum sound

absorption.

• The simplified low-frequency quasi-one dimensional models are useful to obtain insight

into the effect of various parameters (pore geometry, number of pores, pore density,

duct cross-sectional area...). They can be used for a rough scan of design parameters

before carrying out time-consuming calculations with more complex models (detailed

3-D numerical simulations).
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