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FEATURED ARTICLE

Additive Manufacturing Enables 
New Ideas in Acoustics

Christina J. Naify, Kathryn H. Matlack, and Michael R. Haberman

Introduction
Additive manufacturing (AM), also known as three-
dimensional (3D) printing, refers to the process of building 
a solid object in a layer-by-layer manner to create a desired 
object. This fabrication approach opens a multitude of new 
possibilities across virtually all areas of acoustics, ranging 
from advances in musical instruments, new acoustic mate-
rials, and acoustic metamaterials to new opportunities for 
ultrasonic nondestructive evaluation to new transducer 
geometries and concepts and customized hearing aids. 

AM fabrication is a generic term and can be achieved using 
a range of techniques. Most AM fabrication techniques 
create, or “print,” objects in a process that begins by first 
placing a small amount of material in a thin layer on a 
platform. More material is then placed on the first layer 
at locations that are defined by the geometry or shape of 
the object being built and then joined, or “added,” to the 
existing layer. The process is repeated in a layer-by-layer 
fashion until the entire object is created. In general, the key 
feature of AM is that material is added where it is wanted 
by adhering material to previously deposited layers. Over-
views of some of the most common AM approaches are 
included in this article, but the approaches outlined here 
are only a small slice of a very rich technological field.

The “additive” in AM is in contrast to more traditional sub-
tractive manufacturing in which one begins with a solid 
block and material is removed where desired to create the 
final object. Although the approach of AM has been around 
since the 1980s in academic and industrial laboratories (Ngo, 
2018), the past decade has seen an explosion in the availabil-
ity of 3D printers (the device used to fabricate objects using 
AM technology) as well as in the price reduction for pur-
chasing printers and supplies. These two factors mean that 
this exciting technology is available to virtually all individu-
als or institutions that would like to explore the possibilities 

afforded by AM. Indeed, it’s not uncommon to start a con-
versation with someone about AM, only to find out that they 
have a 3D printer in their home office or garage. 

The appeal of AM to a wide audience is easy to see once 
you know about the possibilities it provides. Users are often 
attracted by the versatility of AM. Because parts are built 
layer by layer, the final objects can take almost any shape 
that the builder can imagine. This means that a user can 
often use a single 3D printer to iterate on designs or print 
a wide range of objects without having to create custom 
molds or tooling often required in conventional fabrication 
methods. Figure 1 shows a cartoon example of a single 
3D printer being used to print a flute (Ritz, 2015), an ear 
pinna (Prepelit,ă, 2020), and an acoustic speaker housing 

Figure 1. Additive manufacturing (AM) offers manufacturing 
versatility. Traditional methods would require different approaches 
to build items such as musical instruments (left); hearing 
prosthetics (center); or speakers (right), but AM technology has 
the potential to build each of these on the same desktop-style 
3-dimensional (3D) printer without special molds or custom 
tooling. In fused deposition modeling (FDM), this is achieved using 
a material print head, or extruder, that is moved in horizontal and 
vertical directions (arrows) while molten material is deposited in 
the desired location.
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(Ishiguro and Poupyrev, 2014). These are all examples that 
can be found in industrial, academic, or hobby applications.

Google searches for AM turn up a variety of applications 
as wide as one’s imagination, with top “hits” including 
things like figurines of cartoon characters, cell phone 
cases, and more. It’s worth pointing out that although 
most people vaguely familiar with AM imagine desk-
top-sized printers that extrude plastics, people have 
developed printers that can make food (Sun, 2015; see 
https://bit.ly/3r0Tjli); electronics (Goh, 2021); biological 
tissue (Mannoor, 2013; see https://bit.ly/3nIKeMd); and 
even buildings (Paolini, 2019). 

AM has seen significant activity in both academic instruc-
tion and research. The recent past has seen the emergence of 
AM graduate certificate or degree programs, and academic 
journals are published that focus solely on additive processes, 
applications, and development. A wide range of conferences, 
from general to content specific, also exist. Within the 
Acoustical Society of America, two special sessions focused 
on AM have taken place since 2017, and recently a special 
issue of The Journal of the Acoustical Society of America (see 
https://bit.ly/3gzUNws) was published highlighting research 
at the intersection of AM and acoustics.

Given the wide range of potential applications for AM 
in acoustics, it’s no surprise that acousticians of all types 
would find uses for a new fabrication approach. This arti-
cle introduces AM and its applicability to a wide range 
of applications in acoustics. We begin by introducing the 
basic technology, then review some case studies of cur-
rent research and educational and industrial uses of AM 

related to acoustic applications, and conclude with some 
perspectives on the future of AM in acoustics.

Overview of Different Additive  
Manufacturing Techniques
If you wanted to build something like a scale model of a 
building, you could start with a block of metal, plastic, or 
wood and cut out the shape of the building using a saw 
or other standard machining equipment. This approach 
is known as subtractive manufacturing because you 
remove, or subtract, the material you don’t want from a 
large piece of that material.

An alternative approach to building the same model would be 
to use something like LEGO bricks to create the same shape 
by adding material point-by-point only where it is needed. 
Although a rudimentary example, building with LEGO bricks 
is an example of AM where small pieces are added to make 
the final object. That object can take almost any shape you 
can imagine, as is the case with building with LEGO bricks.

The concept of construction by adding material where you 
want it can be accomplished in a variety of ways. Three of 
the most common approaches are described here, but we 
note that this list is far from exhaustive. The key differ-
ence between the three methods described here is the base 
material, in that the material that is added sequentially 
to additively build up the object. In the example above, 
the base material is a plastic LEGO brick. The method of 
joining in that case is snapping the bricks together. Com-
mercial additive approaches typically use one of three 
base material forms, powder, liquid, or thin strips, all of 
which are joined by adhering a new layer of material to 

ADDITIVE MANUFACTURING FOR ACOUSTICS

Figure 2. Three forms of AM. a: Powder-based printing. b: Stereolithography. c: Fused deposition modeling. See text for more details.

https://bit.ly/3r0Tjli
https://bit.ly/3nIKeMd
https://bit.ly/3gzUNws
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the previously added material, like laying down a new 
layer of LEGO bricks on top of the existing layer.

As with any building project, the first step to build the 
object is to create a design and generate building plans. 
In the case of AM, the design is done on a computer by 
drawing a 3D representation of the object. A wide variety 
of commercial tools are available to do this, and the goal 
is to create a computer file that the printer can under-
stand. Because AM is mostly done in a layer-by-layer 
approach, the 3D object one wishes to create must be 
broken down into 2D cross sections, known as slices. For 
example, to build a solid cube, the plans would consist of 
identical slices of squares. To build a sphere, each slice 
would be a different sized circle. The job of the printer is 
to fabricate the object in successive 2D slices until a 3D 
object is constructed. Three common AM approaches are 
shown in Figure 2.

In the first example, the base material is in powder form, 
with grains having dimensions on the order of tens of 
microns. The process begins by spreading the powder to 
create a thin layer on the print bed, which is the “ground” 
for the object. One such printing technique, known as laser 
powder bed fusion (LPBF), then fuses grains together using 
a laser that heats the powder beyond its melting point. Only 
the powder that should be part of the final object is melted, 
and the rest of the powder remains in powder form. If the 
first layer is a circle, the laser will fuse powder together 
within the circle, leaving the rest of the powder unaltered. 
Another layer is then created by spreading powder from a 
stock basin using a rolling cylinder called the recoater, and 
the powder is again fused together at locations required to 
create the object. This process repeats, sometimes thou-
sands of times, until the object is complete. This method is 
extremely versatile in that the base material can be a metal 
like steel or a polymer like nylon. Figure 2a shows an exam-
ple of LPBF including two powder beds, one for the built 
part and one for the stock powder. 

In the second example the base material is in liquid or 
resin form, and it is cured/solidified in a layer-by-layer 
manner using a light source such as a laser or projector, a 
process called photopolymerization. The most common 
AM techniques based on photopolymerization is stereo-
lithography (SLA), which is used to print plastic objects 
ranging in size from a few nanometers to centimeters. 
Figure 2b illustrates a common approach where the “new” 

build material is added to the bottom of the part as it 
is moved in the positive z-direction by a gantry. In this 
configuration, light is projected through a transparent 
window onto a thin layer of the uncured resin directly 
below the part. 

The third method, material extrusion, is likely the most 
familiar to the reader. In this approach, the base material 
is a thin strip of plastic called a filament that is deposited 
along a predefined path that makes up the layer of the 
object being created. The nozzle deposits the filament by 
melting the base material, like how a glue gun converts a 
glue stick to a semiliquid substance that can be deposited 
at will. The filament is used to trace out each 2D shape on 
top of the previous one to create the 3D structure. 

Material extrusion approaches can print a variety of 
materials and have the added advantage of being able 
to print parts made from two or more materials or even 
functional materials such as piezoelectrics (Chen, 2020). 
A common filament-based AM approach is fused depo-
sition modeling (FDM), which is shown in Figure 2c. 
FDM employs the heated nozzle mounted on a gantry to 
extrude semisolid filaments like plastics, metals, or com-
posite materials. This type of printer is by far the most 
accessible in terms of cost, with base models starting at 
a few hundred dollars. For this reason, and the fact that 
they are easy to use by beginners and have small foot-
prints of less than half a meter in each direction, these 
are the most common type of printers available.

It is worth noting that each of these methods has advan-
tages and disadvantages, the details of which are beyond 
the scope of this article. As a short summary, powder-
based methods are very expensive but produce objects 
with good mechanical strength and desirable attributes 
such as smooth surfaces. Liquid-based photopolymeriza-
tion methods can be messy and cannot be used to build 
objects larger than a few centimeters. However, small 
objects, such as those used in many high-precision engi-
neering applications, are readily fabricated using this 
approach. Filament-based methods are low cost and easy 
to use, but the finished products have rough surfaces and 
have poor mechanical strength.

Musical Acoustics
Access to musical instruments takes on a new twist when 
AM is incorporated. In some cases, by using existing 
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plans online or drawing one’s own plans, it’s possible to 
use AM to build a kazoo, guitar, or flute. Recent review 
articles such as that by Michon et al. (2018) have high-
lighted studies using AM and acoustics. An interesting 
use case is the fabrication of instruments where the user 
has access to the drawings or 3D model of an instrument. 
An example of this were researchers who had drawings 
of clarinet mouthpieces from the 1890s and fabricated 
them using AM (Cottrell and Howell, 2019). The authors 
printed multiple mouthpieces using different techniques 
such as FDM or stereolithography and received quali-
tative feedback from professional musicians regarding 
quality. AM effects such as surface finish or material 
strength were found to vary from process to process by 
the evaluating musician’s response and these features 
affected the perceived quality of each mouthpiece. 

String instruments produced using AM are rare due to 
material availability, limiting materials selection to plas-
tics, metals, or ceramics, all of which produce a dynamic 
response that differs from traditional wood designs (Qian, 

2019). Studies of AM ukuleles using FDM showed large 
differences in both measured A-weighted sound level 
and timbre compared with a traditional wood instru-
ment. This is because the AM-constructed material has 
a different stiffness from the wood instrument. The two 
instruments compared in Qian’s study (2019) are shown 
in Figure 3a. 

AM offers new capabilities enabled by the ability to 
create complex designs that are not possible using stan-
dard manufacturing techniques. For example, Ritz et al. 
(2015) investigated the field of microtonal music, which 
employs more equally spaced intervals in an octave 
than are employed in a standard 12 semitone equal tem-
perament used in most Western music. By using AM 
technology to create a double-helix flute, they were able 
to exploit geometry to create these tones. Taking a more 
physics-based design approach, Thacker and Giordano 
(2021) used fluid computational approaches to design 
improved recorder instruments which were then fabri-
cated with AM and their performance compared with the 
fluid model (Figure 3b). 

Applications to Acoustic Metamaterials 
Acoustic metamaterials are engineered structures that can 
control acoustic waves in ways that are not possible with typ-
ical “bulk” materials such as steel or plastics (Haberman and 
Norris, 2016). Acoustic metamaterials are usually produced 
by constructing a material from periodically repeating “unit 
cells” that, when properly designed, exhibit novel acoustic 
behavior like band gaps (a range of frequencies where waves 
cannot propagate through the material). One example of 
this behavior can be observed in an artistic structure in 
Madrid that is composed of periodically arranged long 
metal cylinders (Martinez-Sala et al., 1995). This structure 
has a band gap in the audible range (around 1,600 Hz), so if 
you were to play a 1,600-Hz tone on one side of the structure, 
it would be filtered by the structure rendering it inaudible 
on the other side. Like this structure, acoustic metamaterials 
can act as a “filter” for acoustic waves. 

Although research on acoustic metamaterials has been 
ongoing for several decades, many of these ideas have 
only recently taken form with the advancement of AM. 
The reason is that AM can create objects with intricate 
and complex geometries, such as the structures shown 
in Figure 4, a and c, that are impossible to create using 
traditional manufacturing techniques. Metamaterial 
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Figure 3. 3D-printed musical instruments. a: Printed ukulele 
(left) and wood instrument (right). Reproduced from Qian 
(2019), with the permission of the American Institute of Physics 
(AIP). b: A recorder that has been optimized using computer 
software (left) and a printed prototype (right). Reproduced 
from Thacker and Giordano (2021), with permission from the 
American Institute of Physics (AIP).
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structures have enabled researchers to explore materials 
that exhibit acoustic phenomena like acoustic cloaking 
(Cushing, 2022). In addition, small changes to complex 
geometric structures can allow researchers to finely tune 
the frequency range over which the acoustic metamate-
rial operates (Arretche and Matlack, 2018). Recent work 
has even shown that AM can be used to create meta-
materials with porosity as an additional design variable, 
as shown in Figure 4b (Konarski, 2021). Because AM 
makes it possible to fabricate complex geometries in 
many different length scales, acoustic metamaterials can 
now operate over a wide range of frequencies, from hertz 
up to megahertz frequencies.

AM has also opened the door to various applications of 
acoustic metamaterials, such as eliminating damaging 
vibrations from structures (Arretche and Matlack, 2018; 
Gerard et al., 2021). Recent work has shown how acous-
tic metamaterials that are highly anisotropic, meaning 
that their mechanical properties are different along dif-
ferent directions, can be used to guide acoustic waves 
that have large wavelengths compared with the size of 
the metamaterial (Yves and Alù, 2021). Such materials 
could be fabricated using AM techniques. Continued 
advancements in AM, including honing our ability to 
print multiple materials in the same structure or even 
print more advanced materials like piezoelectrics (Lewis, 
2006), will certainly push what is possible in terms of 
acoustic wave control with acoustic metamaterials.

Applications in Ultrasonic  
Nondestructive Evaluation 
The discrete layer-by-layer approach of AM means that the 
resulting materials, and thus their mechanical response, 
can be very different from their traditionally manu-
factured counterparts. Furthermore, seemingly minor 
differences from one print to another, even using the same 
machine, can result in materials with different mechanical 
properties. One application of acoustics has been to use 
ultrasound as a nondestructive evaluation (NDE) tool to 
determine the mechanical and microstructural properties 
of AM parts. For AM to be successfully adopted by indus-
tries that require highly precise part creation (e.g., nuclear, 
automotive, aircraft), reliable and fast NDE methods to 
qualify, characterize, and quantify damage in these new 
materials is crucial. The ability to accurately measure the 
properties of materials created using AM remains a critical 
challenge that, when properly addressed, will enable more 
widespread adoption of AM. Ultrasonic NDE methods are 
one promising approach to evaluate AM materials. 

Various ultrasonic inspection techniques have been 
applied to AM structures, particularly metals. Ultrasonic 
parameters such as the wave velocity, attenuation, and 
nonlinearity coefficients have been shown to be capable 
of sensing AM-specific features such as texture or pores 
(Kim et al., 2021) and nanometer-sized defects (Bellotti, 
2021). One way to assess these properties is to use a 
Rayleigh wave measurement setup as shown by Bellotti 

Figure 4. Examples of AM for phononic crystals and acoustic metamaterials. a: Acoustic metamaterial that may enable acoustic 
cloaking, fabricated from titanium using a laser powder bed fusion (LPBF) technique known as direct metal laser sintering. 
Reproduced from Cushing (2022), with permission from the AIP. b: Acoustic metal foam with prescribed porosity enabled by 
metal LPBF. Reproduced from Konarski (2021), with permission from the AIP. c: AM acoustic “filter” that can be used to improve 
nondestructive evaluation measurements. Reproduced from Smith and Matlack (2021), with permission from the AIP. 
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et al. (2021). In that work, waves were generated in an 
AM-fabricated specimen using a transducer configured 
to excite waves on the surface of the material. An air-
coupled transducer then measured the response of the 
material using the airborne acoustic wave generated from 
the surface motion of AM material. Using this approach, 
the properties of the AM-fabricated material can be 
extracted. This ultrasonic technique measured the acous-
tic response from steels manufactured using various AM 
techniques and compared observations with steels made 
using traditional methods. The results showed differ-
ent acoustic responses for the different manufacturing 
methods, indicating that materials created using AM fab-
rication techniques should be carefully evaluated prior to 
use in critical components. Other recent NDE research 
relevant to AM fabrication has shown the possibility of 
using ultrasonic methods to determine the mechanical 
parameters and print quality in real time as the part is 
printed (Gillespie, 2021). Additional recent work has 
also shown how acoustic metamaterials can be used to 
enhance ultrasonic NDE measurements by creating filter-
ing materials (Smith and Matlack, 2021) to better isolate 
the ultrasonic response or a portion of the structure of 
interest. This and similar approaches to ultrasonic NDE 
are uniquely enabled by AM.

Acoustic Transduction Materials  
and Devices
The ability to generate and sense sound has always been 
central to the study, application, and enjoyment of acous-
tics. As a result, there has been considerable exploration 
of the structure and materials used to construct acousti-
cal devices. Present-day examples range from consumer 
electronics with exotic geometries and transduction com-
ponents to mass-manufactured microelectromechanical 
systems (MEMS) microphones and accelerometers in 
smart devices to high-precision ultrasonic measurement 
systems. Noting that key developments in the science and 
technology of acoustic transducers are often enabled by 
technological advances, AM technology provides an 
exciting opportunity to explore how to improve well-
established approaches to acoustic transduction.

An obvious application example of AM technology is the 
ability to create highly unique geometries that cannot be 
created using traditional manufacturing techniques. A 
notable recent work by Nielsen et al. (2021) considered 
this case in a numerical study that considered the values 

and distribution of “stiffness, mass, and damping of both 
the speaker diaphragm and surround” to optimize loud-
speaker response.

One of the more interesting prospects of AM technology 
is the potential to directly print the transducer compo-
nents or materials (Chen et al., 2020) sand do so in a 
streamlined process that could be extended to include 
fabrication and assembly of electrical, mechanical, and 
transducing components (Ambriz et al., 2017). Kierzew-
ski et al. (2020) created a macroscopic embodiment of 
piezoelectric material that was first described by Bauer et 
al. (2004). The work of Kierzewski et al. (2020) leveraged 
the geometric freedom offered by AM paired with a multi-
step assembly process to essentially replicate the response 
of a condenser microphone and extend it to a collection of 
cavities. Although not currently ideal for application, this 
work shows the relative ease of creating true transducing 

“materials” using AM techniques that have not yet been 
fully leveraged for this type of technology. 

Additive technology is also of interest for the direct man-
ufacture of transduction materials. The most common 
materials in accelerometers and underwater transduc-
ers are piezoelectric ceramics. There is considerable 
progress on various manufacturing techniques to print 
piezoelectric ceramics using approaches like selective 
laser sintering and paste extrusion followed by postpro-
cessing (reviewed by Chen et al., 2020). Cui et al. (2019) 
have taken a very different approach by investigating 
novel AM techniques to create lattice structures that 
display piezoelectric coupling with tailored anisotropy 
and directional sensitivity that could ultimately be used 
for a wide range of applications. The opportunities that 
arise in being able to create active materials with confor-
mal geometries, tailored piezoelectric coupling constants, 
and multimaterial components have a vast potential to 
significantly alter how vibroacoustic transducers are cre-
ated in the future. 

Hearing Prostheses and Hearing Aids
In the early stages of development, AM technology was 
collectively referred to as “rapid prototyping” due to the 
fact that part quality was insufficient for use in func-
tional parts or products. One of the earliest examples of 
the transition of AM technology from rapid prototyp-
ing to “rapid production” was in the field of hearing aid 
technology (Widmer and Dutta, 2005). Most hearing 
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aids are constructed using a hard, external shell that 
fits within the ear canal and contains the electroacous-
tic components: microphone(s), signal processing and 
amplification electronics, sound amplification trans-
ducer, and the battery. The electroacoustic components 
are the same within any given product line, and the sig-
nal-processing and amplification characteristics can be 
tailored to the individual user according to the specific 
hearing impairment using a simple programming step 
after audiological evaluation. 

In contrast, the shape of the shell itself is highly unique due 
to the need to correctly position the device in the ear canal 
and maintain a physical seal between the device and ear 
canal. This shape cannot be easily reconfigured and thus 
each individual shell must be custom constructed. Further-
more, traditional fabrication methods, such as UV-cured 
polymers molded to fit each user, require a significant effort 
by individual technicians with years of experience. This 
approach to mass customization of components resulted 
in low device-to-device repeatability, even when starting 
with the same biometric customer information.

For all the reasons given, these types of hearing devices 
are particularly well suited for the strengths of LPBF and 
SLA technology. Namely, AM fabrication of custom hear-
ing devices exploits the fact that (1) each part has a highly 
irregular and custom shape in order to fit within the ear 
canal of the individual user; (2) the components are phys-
ically small, and thus parts for different customers may be 
fabricated in a single build and each build can be differ-
ent without changing the fabrication settings; (3) the final 
product is subjected to mild environmental mechanical 
loading over the entire life cycle; and (4) 3D optical scan-
ning can be used to gather the ear canal geometry, and 
thus final parts can be created with virtually no contact 
with the customer. Given all of these benefits, there has 
been a massive transition to rapid production of hearing 
devices since the early 2000s, including nonacoustic or 
mechanical improvements such as incorporating antib-
iofilm properties into the printed material to reduce ear 
infection (Vivero-Lopez et al., 2021).

As an example, Figure 5 shows photos of 3D-printed 
hearing aids printed with a digital light processing 
polymer, a liquid resin-type process, which has been 
implanted with an antibiofilm drug in varying quanti-
ties. In this case, the drugs are mixed into the liquid resin 

before printing. The study also used different materials, 
both a hard and a flexible resin, to assess the resulting 
variations in the printed final product.

Conclusion
This article provided a multidisciplinary review of current 
uses for AM in acoustics. AM can be applied to a wide 
swath of acoustic applications, including musical instru-
ments, scale models, acoustic metamaterials, ultrasonic 
NDE, transducers, and hearing prostheses. These examples 
highlight how AM is pushing the frontiers of acoustics, 
and conversely, how acoustics can be used to advance dif-
ferent AM technologies. Advances in both acoustic design 
and AM technology mean that the range and depth of 
these applications will certainly expand in the future. For 
example, advances in AM that push the limitations of a 
smallest printable feature size would expand the frequency 
range of acoustics applications, and advances that increase 
the maximum size of AM parts could enable larger scale 
acoustics applications such as noise control of large struc-
tures. From another perspective, advances in acoustics and 
ultrasonics could enable better quality control of AM parts 
that would allow safety-critical industries to adopt AM 
technologies. Additionally, reduced costs for basic print-
ing approaches mean that many of these applications will 
become more and more accessible to acoustic researchers 
and hobbyists alike.

Figure 5. AM hearing aids made from different resins. a: 
Sample is a resin. b: Sample is the result of printing the same 
hearing aid shell from a flexible resin. The samples were 
manufactured with differing levels of an antibiotic in the 
material to investigate the ability of the material to reduce 
ear infection from long-duration hearing aid use. Reproduced 
from Vivero-Lopez et al. 2021, Figure 1), with permission 
from Elsevier.
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