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ABSTRACT

State-of-the-art loudspeaker development is mainly motivated by added functionality and improved audio quality.
Consequently, innovations are typically located in the field of signal processing and electronics. In contrast, the
loudspeaker design presented here is inspired by three main concepts: additive manufacturing, aesthetic design and
sustainability. Initially, a prototype developed by Verena Hutter established a benchmark. This project focused on
the possibilities of broadband sound radiation in an aesthetic cabinet with a secluded driver. To achieve an even
spatial sound distribution, different reflective elements were produced and their respective frequency response at
different listening positions was measured. Considering the limitations given by the additive manufacturing process
and material, as well as the aesthetic vision of a Möbius ring, a cabinet was designed and electroacoustically
optimized with a commercially available driver. To improve sustainability, the electronics were optimized for
energy efficiency. Moreover, the possibility to easily disassemble and thus repair or replace different parts of the
loudspeaker was included into the design. The project resulted in an aesthetically pleasing, 3D-printed loudspeaker
out of sustainable material with a secluded driver, a wide frequency range, improved energy efficiency, and simple
disassembly.

1 Introduction

Loudspeaker cabinets are traditionally assembled from
various parts and materials, and, subsequently, joined
using different techniques, usually bolted or glued con-
nections. This production process has its inherent limi-
tations in terms of possible geometries. More complex
cabinet geometries can be achieved using mold casting,
which in turn has different limitations, as well as higher
cost per unit, especially for low production volumes.
Additive manufacturing (also known as “3D-printing”)

is increasing in popularity, especially since new and/or
complex geometries can easily be designed and pro-
duced with this method. The additive manufacturing
process is used in different technical [1] as well as
artistic applications [2]. Recently, also in loudspeaker
production [3, 4].
Current loudspeaker cabinet production often uses ma-
terials, which contain harmful chemicals or can only be
reused or recycled under considerable material separa-
tion and energy efforts [5]-[10]. Furthermore, modern
loudspeaker assembly often does not allow repair or



Isenegger et al. 3D-printed loudspeaker design

Fig. 1: Initial silicon carbide prototype with driver at
bottom position and no reflective element.

replacement of parts. Due to climate change and waste
disposal challenges, sustainability is a key factor in
production processes today, to which the loudspeaker
industry can contribute by including sustainable, recy-
clable choices of materials and the possibility to repair
or replace different parts of a loudspeaker.
The loudspeaker presented here was created using addi-
tive manufacturing with the aim of pleasing aesthetics,
sustainability and competitive audio specifications.

2 Prior to the project

The initial prototype featured a midrange woofer with
a transmission line-type cabinet, developed by Verena
Hutter in her Masters Thesis at Bang & Olufsen. The
frequency range of this loudspeaker extends from 100
to 3’000 Hz and established a benchmark. The nar-
row frequency range and low maximum sound pressure
level (SPL) were the main drawbacks of this prototype.
Additional targets for optimization were the distortions
caused by loose joints as well as the radiation ineffi-
ciency due to the driver’s placement close to the surface
below.

3 Additive manufacturing

3.1 Materials

The material choice for the initial prototype was silicon
carbide (SiSiC) in accordance with Bang & Olufsen’s
design directive for ceramic materials. The acoustic
characteristics of this cabinet material were expected to

compare well with traditional materials, especially due
to the material’s high stiffness. However, a significant
drawback associated with silicon carbide is its limited
availability in additive manufacturing, with only two
suppliers operating within Europe. Furthermore, the
material’s production necessitates substantial amounts
of energy [11]. In contrast, 3D-printed quartz sand
as the primary source material offers ease of procure-
ment and sustainability in its production. Quartz sand
resources are large [12] and 3D-printing using this ma-
terial requires little energy as no additional heating is
involved in the process [13]. The transition from sili-
con carbide to sand within this project led to an overall
reduction in production energy requirements. Notably,
the source material’s recyclability is improved, given its
reuse in subsequent printing processes. The stiffness of
the sand-based material is expected to be comparable to
that of silicon carbide, hence, also its expected acoustic
performance. Both printing materials show robustness
against temperature changes (deformation, combustion,
etc.). However, both materials exhibit a high acous-
tic reflection coefficient. Therefore, internal damping
of the cabinet is necessary to mitigate reflections and
standing waves.

3.2 Geometry

Besides energy efficiency and recyclability, the aes-
thetic design was a core target of this project. The
Möbius shape was selected as a visual representation
of the wave propagation. It serves to metaphorically
convey a sense of limitless continuity, parallel to the im-
mersive nature of sound. From a construction perspec-
tive, this geometry exhibits inherent self-supporting
attributes, rendering the inclusion of supplementary
pillars or internal reinforcements unnecessary. This
design characteristic gains particular significance when
adjusting the size of the unit. Consequently, the geome-
try contributes to a judicious employment of production
materials.
Furthermore, utilization of computer aided design
(CAD) allows for a fast and relatively simple concep-
tion of new geometries. Typical problems with classical
production processes (e.g. internal sharp edges, which
can induce audible turbulence) can be mitigated with a
few clicks in the CAD software and do not unnecessar-
ily prolong the production process. The same is valid
for other complex internal structures.
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4 Electroacoustical optimization

4.1 Technical requirements

The loudspeaker optimization was given the following
technical design goals:

• Frequency Response (-3 dB): 50 – 20’000 Hz

• Max. broadband SPL at 1 m distance (Total Har-
monic Distortion + Noise < 5%): 85 dB

• Active amplification (amplification module inside
cabinet)

4.2 Driver

A single driver was chosen to emit the whole of the
desired frequency range for three reasons. Firstly, the
non-visibility requirement with regard to the driver
only leaves the bottom of the structure for placement.
Secondly, the available surface at the bottom of the
desired geometry is sufficient for only one driver. A
third reason is linked to the reflective elements and
described in section 4.4.
In order to attain the given technical requirements, a
commercially available driver, capable of reproducing
the required frequency response was selected according
to availability and indications in the respective data
sheets. The selected driver is a coaxial type and has the
following technical specifications:

• Woofer:

– Nominal Impedance: 4 Ω

– DC resistance, Re 3.1 Ω

– Voice coil diameter 25.4 mm

– Voice coil height 15 mm

– Air gap height 5 mm

– Free air resonance, Fs 55 Hz

– Sensitivity (2.83V/1m) 87.5 dB

– Rated power handling 30 W

– Magnetic flux density 1.03 T

• Tweeter:

– Nominal Impedance 4 Ω

– DC resistance, Re 3.0 Ω

Fig. 2: Simulated magnitude frequency response of the
woofer with optimized cabinet parameters.

– Voice coil diameter 12.4 mm

– Voice coil height 1.2 mm

– Air gap height 1.5 mm

– Free air resonance, Fs 1300 Hz

– Sensitivity (2.83V/1m) 87.5 dB

– Rated power handling 10 W

– Magnetic flux density 0.97 T

4.3 Cabinet

As mentioned, the aesthetically desired geometry was
determined to be a Möbius ring. Different cabinet
types (closed, bass reflex, transmission line, horn)
were considered, of which the bass reflex design was
selected, because of its combination of simplicity in
design and tuning, small volume requirements and its
low frequency radiation efficiency [14]. The software
programs WinISD (Version 0.7.0.950) and AJHorn
(Version 7.0.2971), were used to simulate and optimize
the cabinet parameters (rear volume in liters, bass
reflex channel cross-sectional area, bass reflex channel
length). The Thiele Small parameters of the selected
driver were entered in the software, and the cabinet
parameters were optimized for an even frequency
response. The software predicted a lower limit of
the frequency range of around 40 Hz. See Fig. 2 for
the simulated magnitude frequency response of the
woofer-part of the coaxial driver.
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Fig. 3: Plans of intermediate prototype with driver at
bottom position.

The optimized cabinet parameters were calculated to
be as follows:

• Rear volume 5.3 l

• Bass reflex channel cross-sectional area 7.5 cm2

• Bass reflex channel length 16 cm

These parameters together with the dimensions of the
driver defined the geometry of the Möbius ring.

To validate the simulations of the cabinet optimization,
the selected driver was acquired and a simple, interme-
diate prototype with the optimized cabinet parameters

Fig. 4: Near-field magnitude frequency response (mea-
surement position in between driver axis and
bass reflex axis) of wooden intermediate proto-
type.

built out of MDF-wood, resembling the intended design
(square ring volume instead of Möbius ring volume).
This prototype’s geometry can be seen in Fig. 3.

Intermediate measurements with the prototype proved
the accuracy of the simulations, as can be seen in Fig. 4.
The SPL reduction above 3 kHz is due to measurement
microphone’s positioning in between driver axis and
bass reflex axis. Acoustic measurements have been
taken in the anechoic chamber of the Lucerne School
of Engineering and Architecture (HSLU T&A), using
the software “Room Equalization Wizard” (REW, Ver-
sion 5.20.13).

4.4 Reflective element

As mentioned, in order to seclude the driver from view,
it was placed at the bottom of the Möbius ring volume
with the driver axis oriented downwards. Due to the
inherent loudspeaker directivity [15], this downward
orientation reduces high frequency emission towards
the listening positions around the loudspeaker, if there
is no reflective surface beneath. To overcome this is-
sue, a reflective element was included in the design.
This decision represents the third reason for using a
single driver, instead of a multi-way system (see Sub-
section 4.2). Using several drivers would require sev-
eral reflective elements. The reflective element of the
first driver would deflect the wanted reflections of the
second driver for certain directions and vice versa.

Fig. 5: Reflective elements in cone shape with different
apertures (left: 90◦, middle: 105◦, right: 120◦).
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Fig. 6: Frequency responses of loudspeaker with different reflective elements underneath (red: no reflector, green:
aperture = 120◦, blue: aperture = 105◦, orange: aperture = 90◦) measured at typical listening position (2 m
distance, 0◦ Azimuth, 40◦ Elevation).

As a simplification, the loudspeaker was assumed to
be a point source, emitting spherical waves. A set
of cone-shaped reflective elements exhibiting differ-
ent apertures (90◦, 105◦ and 120◦, all with 6 cm base
radius) was 3D-printed for testing; see Fig. 5. The con-
ical shape was chosen, since it geometrically deflects
and disperses the spherical waves emitted by the loud-
speaker toward the listening positions [16]. The size of
the base was chosen to allow for a specular reflection
of (high) frequencies with wavelengths shorter than
the diameter of the base. For (low) frequencies with
wavelengths larger than the diameter of the base, a scat-
tering effect occurs, reflecting less sound energy [16].
For even lower frequencies and larger wavelengths, the
effect of the reflective element is expected to be com-
pletely negligible. The corresponding frequency, above
which specular reflection occurs, is at around 3 kHz.
This frequency, with the resulting base diameter, was
chosen according to the magnitude frequency response
data at different angles in the driver data sheet [17].

Intermediate measurements of the reflectors made with
the wooden prototype showed variations in the mag-
nitude frequency response between different reflective
elements for a number of elevation angles. The mag-
nitude frequency responses for the typical listening
position at 40◦ elevation are depicted in Fig. 6. Only
small differences occur due to the reflective elements.

In addition, no clear trend toward a better high fre-
quency coverage is visible with the reflective elements
compared to the case with no reflective element. Rather
constructive and destructive interference create a comb-
filter effect. This, it was estimated, was due to the small
surface of the reflective elements, which was insuffi-
cient to effectively divert high frequency energy toward
the listener. This motivated the decision for a larger
reflective surface in the final prototype, which was ex-
pected to divert more high frequency sound toward the
listener.

5 Development of electronics

5.1 State-of-the-art commercial solution

Commercial speaker electronics of compact speakers
usually include a data exchange interface for transfer-
ring wireless data from external audio sources. The
Bluetooth standard or WLAN are often used for this
purpose. The received audio signal is then transmitted
to the amplifier in digital or analog form, where it is am-
plified for the speaker’s driver. Commercial solutions
often include additional signal processing functional-
ities and algorithms. As a reference for this project,
a Dayton KABD-250 2x50 W Amplifier Board with
DSP and Bluetooth was used.
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Fig. 7: Schematic of the electronic components

Fig. 8: PCB mounted on the back of the driver

5.2 Electronic development

During the development of the loudspeaker electron-
ics, the aspects of clean audio data transmission via
Bluetooth, digital signal processing (DSP) and amplifi-
cation were considered. A different aspect to be taken
into account was the energy consumption, especially
in standby-mode, compared to commercially available
products. A Dayton audio amplifier board was used as
a reference for this project.

5.2.1 Electronic circuit

A schematic of the electronic layout can be seen
in Fig. 7. A Bluetooth module with Bluetooth
standard 5.3 was chosen as a receiving device. This

was connected to the DSP via I2S protocol. The stereo
audio signal is transmitted with a sampling rate of
44.1 kHz, then mixed to mono and fed into a crossover
network (with a woofer-tweeter crossover frequency at
2 kHz) in the DSP. For amplification, a Class-D am-
plifier (TPA3118D2) with a power of 2x30 W RMS
was used. The data exchange between digital signal
processor (DSP) and the amplifier is analog. To avoid
electromagnetic interference, an additional filter was
implemented at the output stage.

5.2.2 Printed circuit board design

The printed circuit board (PCB) design was chosen to
be round in order to easily fit on the back of the loud-
speaker driver (see Fig. 8). Doing so, no additional
material is necessary for mounting and disassembling
the PCB. This arrangement also allows the electron-
ics hardware to be used in any number of different
loudspeaker cabinets.

5.2.3 Bluetooth module

The Bluetooth module (BTM571) is made by Qual-
comm (Chip: QCC30XX v5.0), which comes with
features such as True Wireless Mirroring and Low La-
tency. With the Bluetooth 5.3 standard, the speaker is
thus on the cutting edge of Bluetooth technology and
offers many functional possibilities.
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Fig. 9: Final prototype 3D-printed from sand as a
source material with driver at bottom position
and larger reflective element on pedestal.

5.2.4 Energy efficiency

To maximize energy efficiency in standby-mode, care
has been taken to ensure that all other electrical systems
switch off, when no user is connected to the speaker’s
Bluetooth module. A threshold detection of the Blue-
tooth audio input signal sends a power-down signal to
the amplifier, when there is no incoming audio signal
(see Fig. 7). When a Bluetooth audio signal is present,
a power-up signal is sent to the loudspeaker. Standby
power consumption was thus reduced by 80% from
1.6 W to 0.34 W.

6 Results

6.1 Final prototype

The design of the final prototype (Fig. 9) was informed
by the knowledge gained in the preceding optimization
process. A larger reflector area was chosen to increase
the amount of reflected high frequency sound energy.

Fig. 10: Near field frequency response (on axis with
reference to the driver) of final prototype with-
out reflective element.

Rounded edges inside the internal volume as well as for
the bass-reflex port were included to prevent turbulence
noise. The bass-reflex port is from the same material
as the rest of the cabinet and its curved form is di-
rectly included in the 3D-printing process. The curved
form allows for the whole length to be included inside
the loudspeaker volume. Other production processes
would not have allowed this, unless additional assem-
bly steps were included. Additional internal structures
for the reduction of standing waves were beyond the
scope of this project. Furthermore, a pedestal was built,
containing a USB-C power supply socket in the metal
base, four thin metal rods holding the loudspeaker, two
of which are conducting the current from the power
supply to the electronics inside the speaker.

The loudspeaker was designed, such that every com-
ponent can be removed with common tools found in
standard toolboxes. As no parts are glued to each other,
broken parts can be easily repaired or replaced, without
having to replace the whole product. Thus, unnecessary
disposal of functional parts is prevented.

6.2 Electrical measurements

The electrical measurements included distortion mea-
surements, power measurements, latency measure-
ments and a temperature measurement. In the distortion
measurement of the system “Bluetooth-Module, DSP,
and Amplifier”, a Total Harmonic Distortion and Noise
(THD+N) of 0.07% was measured at a power of 1 Watt
and a frequency of 1 kHz. Furthermore, a maximum
power of 3.22 W was observed during the power mea-
surement. The standby consumption was 340 mW. The
latency measurement showed a latency between the
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Fig. 11: Frequency responses of Fig. 6 with additional dash-dotted black curve representing final loudspeaker with
larger reflective element underneath.

playing device and the loudspeaker of 148 ms. The
temperature measurement, carried out at the maximum
power of 3.22 W, resulted in a hotspot temperature of
51.8◦ C at the DSP.

6.3 Acoustic measurements

The final prototype was measured in the anechoic cham-
ber of the Lucerne School of Engineering and Architec-
ture (HSLU T&A). Its near field magnitude frequency
response can be seen in Fig. 10. No drop-off at higher
frequencies is seen, because the measurement position
is on axis with reference to the driver, whereas in the
case of the intermediate prototype, the measurement
position in Fig. 4 was off axis with reference to the
driver.

The lower cut-off frequency lies below 40 Hz and an
even frequency distribution is achieved in the near field
of the loudspeaker.
Fig. 11 shows the same magnitude frequency responses
as in Fig. 6 with the addition of the final prototype fea-
turing a larger reflective element (8 cm base radius). It
should be noted that no additional digital audio equal-
ization was used in this measurement. The observed
differences in the lower frequency distribution are as-
sumed to arise from differences in cabinet geometry
and material properties (square ring versus Möbius ring
volume, MDF versus sand). The small increase in re-
flection area is assumed to cause the slight SPL increase

around 7 kHz. However, due to interference between
reflected and diffracted sound, SPL at other frequencies
decreases compared to the case with smaller reflective
elements.

The technical requirements regarding frequency re-
sponse were met for the case of the on-axis measure-
ment, but not for the measurement at the listening po-
sition. The requirement for maximum SPL at 1m dis-
tance was not fulfilled. For a sound pressure level of
80 dB at the listening position, using a broadband exci-
tation signal, the driver arrives at its maximum linear
coil travel distance. For this reason, a limiter was in-
cluded in the algorithm, which did not allow the sound
pressure level to go beyond this level. The active am-
plification requirement was satisfied.

7 Conclusions and outlook

7.1 Conclusions

Additive manufacturing was used as a basis for the
creation of a loudspeaker, combining aesthetics, sus-
tainability, and audiophile sound quality. The use of a
reflective element allowed for the driver to be secluded
from view, thus presenting the cabinet in the form of
a Möbius ring as the central aesthetic element. The
cabinet material was chosen so as to reduce the energy
required for production, the use of scarce and harm-
ful materials and to allow for recycling of the source
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material. The geometry as well as the design of the
PCB were optimized for simple disassembly, and thus
repair. In addition, parts were designed such that no
additional structures (and thus additional material) are
necessary for mounting. The electronics were opti-
mized for energy efficiency and a reduction of 80%
in standby power consumption was achieved. The on-
axis frequency response extends to below 40 Hz, the
maximum SPL is limited to 80 dB and an active ampli-
fication topology was implemented.

7.2 Outlook

The additive manufacturing process allows for complex
internal geometries. This possibility could be exploited
further in order to create internal geometries and sur-
faces, which have a diffusive reflective behaviour, or
reduce standing waves inside the cabinet.
The combination of the simple geometric cabinet re-
quirements (volume, bass reflex channel cross-sectional
area and bass reflex channel length) with additive man-
ufacturing could be used to create manifold cabinet
geometries and thus aesthetic visions.
A numerical simulation (e.g. with the Boundary Ele-
ment Method, BEM) of the radiation behavior of the
driver in combination with the reflective element would
allow for optimization of the geometry of the reflective
element [18, 19]. An optimal solution regarding fre-
quency response at different listening positions should
be investigated in future works.
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