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Absorber Elements Using Large-Scale Additive
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Abstract—This paper explores a generative design, simulation,
and optimization workflow for the integration of acoustical diffuser
and/or absorber geometry with embedded coupled Helmholtz-
resonators for full scale 3D printed building components. Large-scale
additive manufacturing in conjunction with algorithmic CAD design
tools enables a vast amount of control when creating geometry. This is
advantageous regarding the increasing demands of comfort standards
for indoor spaces and the use of more resourceful and sustainable
construction methods and materials. The presented methodology
highlights these new technological advancements and offers a
multimodal and integrative design solution with the potential for an
immediate application in the AEC-Industry. In principle, the
methodology can be applied to a wide range of structural elements that
can be manufactured by additive manufacturing processes. The current
paper focuses on a case study of an application for a biaxial load-
bearing beam grillage made of reinforced concrete, which allows for a
variety of applications through the combination of additive
prefabricated  semi-finished  parts and in-situ  concrete
supplementation. The semi-prefabricated parts or formwork bodies
form the basic framework of the supporting structure and at the same
time have acoustic absorption and diffusion properties that are
precisely acoustically programmed for the space underneath the
structure. To this end, a hybrid validation strategy is being explored
using a digital and cross-platform simulation environment, verified
with physical prototyping. The iterative workflow starts with the
generation of a parametric design model for the acoustical geometry
using the algorithmic visual scripting editor Grasshopper3D inside the
Building Information Modeling (BIM) software Revit. Various
geometric attributes (i.e., bottleneck and cavity dimensions) of the
resonator are parameterized and fed to a numerical optimization
algorithm which can modify the geometry with the goal of increasing
absorption at resonance and increasing the bandwidth of the effective
absorption range. Using Rhino.Inside and LiveLink for Revit the
generative model was imported directly into the Multiphysics
simulation environment COMSOL. The geometry was further
modified and prepared for simulation in a semi-automated process.
The incident and scattered pressure fields were simulated from which
the surface normal absorption coefficients were calculated. This
reciprocal process was repeated to further optimize the geometric
parameters. Subsequently the numerical models were compared to a
set of 3D concrete printed physical twin models which were tested in
a .25 m x .25 m impedance tube. The empirical results served to
improve the starting parameter settings of the initial numerical model.
The geometry resulting from the numerical optimization was finally

returned to grasshopper for further implementation in an
interdisciplinary study.
Keywords—Acoustical ~ design,  additive =~ manufacturing,

computational design, multimodal optimization.
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[. INTRODUCTION

HE alarming exponential growth of the global population

results in the demand to at least double the available global
building stock by 2050. Alongside this, the urbanization of
conurbations is leading to an increasing shortage of living and
working space. At the same time social demands regarding
higher quality of living and comfort standards and the need to
build more sustainable and environmentally friendly offer great
challenges which the current and future generation must
collectively face. When looking at the construction industry,
one could argue that only a few significant leaps have been
made since the dawn of the modern movement emerging in the
first half of the 20" century. Reinforced concrete, a hybrid
composite material made of concrete and reinforcing steel is
decidedly the leading construction type used around the world
as both concrete production accounts for nearly 19% and iron/
steel production equates to 25% of the global caused CO,
emission in the industrial sector [1]. Conventional reinforced
concrete flat slab constructions are considered a very
economical and adaptable solution. This assessment neglects
the enormous material consumption of this construction
method, the poor ratio of dead weight and load-bearing
capacity, as well as its weaknesses in terms of room acoustics.
New technological advancement such as large-scale additive
manufacturing could improve and augment such prevailing
construction methods. Currently however, there are few
research projects [2], [3] that have been able to exploit the high
potential of large-format 3D printing with concrete (3DCP) for
new application-oriented solutions for a resource-efficient and
material-saving construction of reinforced floor structures. The
research center TRR 277 “Additive Manufacturing in
Construction (AMC) - The Challenge of Large Scale” at the TU
Braunschweig for example, explores alternative additive
manufacturing processes with concrete (shotcrete 3D printing)
in combination with an integrative reinforcement [2]. Another
practical application example is the Seehof Castle studio in
Lunz, which was designed by the Institute for Structural Design
(ITE) at the Technical University of Graz [3], and investigates
prefabricated formwork pieces which, when assembled,
generate a waffle slab structure. Current research still lacks the
ability to take advantage of the potential for developing multi-
performative ceiling construction as mono-material systems
with integrated building physics functions. The possibilities of

60 1SN1:0000000091950263



Open Science Index, Structural and Construction Engineering Vol:17, No:1, 2023 publications.waset.org/10012917.pdf

World Academy of Science, Engineering and Technology
International Journal of Structural and Construction Engineering
Vol:17, No:1, 2023

precise material disposition with concrete through 3D printing
processes combined with advancements in computer-aided
simulation methods and additive processes offer a great
potential for new construction methods with a significant
reduction in the use of materials with the same or even
improved load-bearing capacity, integrated sound absorption,
sound insulation and thermal component activation. Research
indicates that decision-making process in planning decreases
exponentially over time towards the later design development
stages [4]. Subsequently, another investigation promotes that
performative design optimization processes in the early
planning stages can have significant benefits for the economic
and ecological performance of the building [5]. Therefore, a
transdisciplinary design and decision-making process allowing
designers and engineers to foster their design exploration with
numerical data would be advantageous and necessary.

Ultimately, a more intelligent planning of the building
physics would be most beneficial to the occupants of a building.
As research shows we spend about 87% of our time indoors [6]
and an inefficient planning of the indoor microclimate leads to
non-negligible negative health issues. The Sick Building
Syndrome (SBS), for example, is a building related illness
occurring primarily in office, medical and educational facilities,
which describes physical and psychological health deficiencies
and negative effects on the perceived well-being [7]. Most
notable factors causing the SBS are related to fluctuating
temperatures and humidity levels and/or disturbing noise
pollution, resulting in negative impact on the health and work
productivity [8]. To prevent this, mechanical systems are
usually used, which are associated with high operating costs
and their own losses in comfort. Thermally Activated Building
Systems (TABS) can be very effective in conditioning the
indoor microclimate [9]. Here, a fluid is pumped through an
integrated duct network, mostly located in ceilings and/or walls
to cool or heat the space. The effectiveness of such TABS
systems is largely dependent on direct energy exchange with
the interior space and any type of shading, such as retrofitted
acoustic ceilings, has a relatively high negative performance
impact [10]. Currently only a limited offering of hybrid
systems/solutions enabling integrated room thermal and
acoustical performance can be found on the market [11], while
none that utilizes additive manufacturing to create a
mechanical, thermal, and acoustical integrated and mono-
material system.

II. BACKGROUND

A brief review of the development of Helmholtz resonator
based acoustic absorber materials and structures in the last
decade will show that there are a plethora of calculation and
design methods for finding geometries which provide tunable
sound absorption in a specific frequency range or even perfect
absorption at a target frequency. For example, in 2021, Mahesh
et al. [12] developed a numerically validated deep neural
networking scheme for the inverse design of a compound
Helmholtz resonator and microperforated panel structure. A
highly effective split-tube resonator structure, characterized as
an acoustic metamaterial, maintaining a sub-wavelength
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module thickness was developed and validated using the finite
element method by Wu et al. in 2016 [13]. Another acoustic
metamaterial based on the construction of resonant folded
channels provides good absorption at lower octaves and was
tested to evaluate thermo-viscous losses in COMSOL
Multiphysics [14], as described in a 2019 paper from Wu et al.
[15]. Combined numerical, empirical, and analytical studies on
resonator neck structures which are geometrically optimized
using, for example, embedded spiral neck structures [16], or
aeroacoustic design principles [17] show that precise
narrowband resonators can be effectively planned for
implementation in noise control engineering problems. Even
advances have been made in the design and manufacturing of
low-frequency sound absorbers whose effective range extends
below the conventionally required material thickness for perfect
absorption at the same frequency [18]. For nearly half a decade,
3D printing techniques have been utilized for broadband low-
frequency damping in the form of decorated membrane
absorbers, albeit at a relatively small scale for a mounted device
[19]. Characterizing only a small selection of the many
methodological and material advances made in acoustic
absorber design, one finds that the structures investigated
indicate the necessity to manufacture and install an additional
material or device into an architectural or technical
environment to achieve sufficient damping. The following
study outlines the methodology and results of using an
interdisciplinary approach to incorporate broadband acoustic
damping directly into the primary structure of a building, thus
decreasing the reliance on retrofitting and post-construction
room acoustic treatments.

By using large-scale three-dimensional concrete printing
(3DCP) the novel construction method enables the production
of innovative building components such as ceiling slabs and
wall elements in a semi-prefabricated construction sequence,
whose physical properties (acoustics, thermal and mechanical)
can be optimized geometrically and materially by a multimodal
computer-aided design and analysis process and subsequently
manufactured additively by a specially programmed print path
generation. The construction method is limited to two material
components: compression-resistant mineral materials such as
concrete, which can be processed in additive manufacturing
processes, and high-tensile materials such as reinforcing steel
or artificial fibers (carbon, glass), which are added manually or
automatically. The process allows a material saving of concrete
of 45% for point-supported reinforced concrete flat slabs with
comparable spans and loads and thus a significant improvement
in the balance of the component-related CO, balance within the
framework of a Life Cycle Assessment (LCA). This is
essentially achieved by forming a ribbed or hollow core slab in
semi-precast construction, consisting of a uniaxially or
biaxially tensioned beam grid and one or two cover slabs. The
prefabricated parts of the formwork body (FB) required for
production are not made of plastics or metals but of mineral
materials such as concrete and are prefabricated in additive
manufacturing processes. The decisive factor here is the
possibility of manufacturing many highly customizable
geometrically optimized elements in the preceding computer-
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aided design and planning process, which together result in a
high multimodal performance of the component (ceiling, wall)
in its spatial disposition. The additively prefabricated FB are
arranged on a falsework scaffold at the installation site as
permanent formwork, creating near-zero waste and are
completed with in-situ concrete after adding reinforcement.

III. METHODOLOGY: ACOUSTIC ABSORBER FORMWORK

The integrative and multipurpose formwork function as
acoustic absorber and diffuser elements which, as individual
elements or as a combined spatial system, can be acoustically
calibrated only by means of their detailed geometric definition,
to achieve a highly customizable and DIN standard conform
(according to the type of use) room acoustical performance. As
a result, the equivalent sound absorption areas of rooms are
influenced in such a way that all use-dependent necessary
acoustic threshold values (absorption, diffusion, reverberation,
scattering) can be met. The basic principle is fostered by the
implementation of the mechanical properties of Helmholtz
resonators in the geometric definition and planning of the
additive manufactured formwork elements. For this purpose, a
cyclical and iterative process chain was developed for the
generation and optimization of the formwork, which essentially
consists of four modules: 1) Computer-aided creation of the
spatially networked basic geometries of the formwork elements
in a CAD/BIM modeling software with a visual programming
interface such as Rhinoceros and Grasshopper3D [20], ii)
Automated generation of the individual formwork with
integrated Helmholtz absorber and diffuser properties, iii)
Validation and optimization of the formwork geometry by an
FEM simulation program such as COMSOL Multiphysics,
feedback of the numerical evaluation and optimization of the
acoustic properties of the individual elements and the overall
system, iv) Generation of the machine or g-code for the robotic
fabrication. The individual functions and processes are
explained in more detail in the following chapter and
subchapters.
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Fig. 1 Visualization of the multi-objective optimization process

A. Definition of the Initial Geometry

The definition of the topological properties of the FB such as
height, width, and length result from the consideration of the
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global load bearing and serviceability of the ceiling and/or wall
construction system, building physics criteria and design
factors. From a design point of view, e.g., the alignment lines
of a facade and/or the room layout can be considered in the
placement and design of the FB. To further specify the
definition of the FB and its integrated acoustic zones (Fig. 5),
an initial room acoustic validation follows, using ray tracing
algorithms. Here, further geometric specifications of the room-
related absorption ranges to be achieved (broadband frequency
ranges between 100 Hz and 1000 Hz) and geometric
considerations of surface orientation regarding the room mode
shape are addressed, though room modes are simulated using
FEM. From these evaluations, the geometries of the horizontal
guide curves of the FB are derived and vertically extruded. The
height can be variably adapted to the necessary structural
parameters. The variation of the basic bodies of the FB helps to
increase the diffusivity of the sound field in the frequency range
of the high centers. On a smaller scale, the surface roughness/
texturing created in the printing process is suitable for diffuse
reflection of high frequencies and thereby preventing the
generation of flutter echoes, for example. The following special
features are possible:
- The extrusion can be formed in a straight line but also
created in more spatially complex manner.
- The upper level of the extrusion is usually planar but can
also vary in height.
- The total height of the extrusion is usually 100 mm to 350
mm (Fig. 2).
- The design as a closed hollow body is also possible (Fig.
3).

Depending on the application and the technical equipment of
the additive manufacturing cell (robot arm, gantry system), the
extrusions are divided into smaller and vertically successive
printing levels using a process called slicing. The minimum and
maximum height of the printing planes depends on the technical
equipment and ranges between 3 mm to 10 mm. In principle,
continuous as well as discontinuous print paths can be
implemented. For the formation of the absorber and diffuser
geometries of the FB, the created print layers are vertically
combined into zones (Fig. 5): Ceiled Zone, Absorber Zone and
Diffuser Zone. Another zone - the Filling Zone - describes the
entire volume that is poured with fresh concrete on the
construction site. The respective height of the absorber zone is
parameterized and automatically derived from the preceding
acoustic validation. Manual setting for design reasons is also
possible. After the zoning of the individual formwork, the final
geometry definition of the FB takes place.

B. Algorithmic and Semi-Automated Geometry Generation

Based on the information regarding the height of the absorber
zone, a geometric approximation of optimal Helmholtz
absorber geometries as cavities is automatically generated into
the basic structure of the FB. The algorithm is developed to
determine resonance frequencies for Helmholtz resonators and
is implemented in the computer-aided planning and
manufacturing tool of the FB. The algorithm can vary the
parametrically variable geometric properties (resonator neck in
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length and diameter, number of resonator necks and resonator
volume) of the resonator to change the amount of absorption at
resonance and increase the bandwidth of the effective
absorption range. This method allows a FB to absorb different
and/or broadband frequency bands by coupling a varying
number and geometry of air volumes in combination with a
varying number and geometry of neck volumes. The spatial
network of differently and/or similarly tuned acoustic absorbers
FB offers a high degree of freedom when dealing with large
architectural spaces and enables different acoustic measures for
varying room areas or usage profiles while using a consistent
process chain. The definition of the three zones of the FB is
automated in real time and the exact processes of geometry
generation can be summarized as follows:
1) The first 2 to 3 print levels - approximately 20 mm (varying
according to size) are used to form a load-bearing bottom

2)

of the FB (ceiled zone). The path can be polygonal, spiral,
radial, serpentine or meandering (Fig. 4). In addition, to
prevent holes or the formation of joint gaps in the bottom
of the FB, the distances between the individual adjacent
print lanes below and above are calculated iteratively and
the dimensions of the print lanes are adjusted accordingly.
The formation of this absorber zone with the integrated
Helmholtz volumes is done, among other things, by
uniaxially or biaxially tapering and meandering print paths.
Negative volumes varying in width, height and length can
be formed as chambers and different hollow resonator neck
geometries. The height of this absorber zone should be at
least 50 mm and can be formed up to the total height of the
extrusion of the FB. If the entire height is used, the diffuser
zone is omitted, and the variation of a hollow FB is created
(see Fig. 3).

Upper slab edge

Lower slab edge

Fig. 2 Formwork variation for
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Fig. 3 Formwork variation for a hollow core slab
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During the formation of the negative space, an algorithm
ensures that all distances of the individual adjacent, underlying,
and overlying print paths are iteratively calculated and adjusted
to guarantee the manufacturability of the overall structure
(inspection of overhang distances). The tapering is formed in
such a way that, for the selected height of the absorber zone, a
closed ceiling results approaching the top, in which only the
resonator neck openings are visible as recessed holes. The
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resonator necks can also be formed as slit geometries.

3)

63
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Fig. 5 Visualization of integrated absorber cavities

In the upper part of the FB (diffuser zone), a three-
dimensional wave structure is implemented with the aim of
scattering incident sound waves and reducing the unwanted
effect of the otherwise uniformly reflected sound. The
diffuser effect is calculated by a mathematical procedure
and formed as a geometric wave structure in an automated
way, whereby further geometric irregularities and
structures can produce similar scattering effects. An
algorithm also checks and optimizes the manufacturability
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of the structure. Due to the high geometric flexibility in the
production of this diffuser zone, the sound waves can be
distributed in the room according to both quantitative and
qualitative criteria either uniformly or in a targeted manner.
The formation of interference effects caused by the
superimposition of reflections due to different depressions
and patterns can be advantageously integrated.

IV. METHODOLOGY: VALIDATION AND OPTIMIZATION OF THE
INTEGRATIVE FORMWORK USING FINITE-ELEMENT-METHODS

A. Measurement of Absorption Coefficients in Impedance
Tube

Strong low frequency absorptive behavior was expected
from the printed structure. Since the error of absorption
coefficient assessment via methods conducted according to ISO
354:2003 [21] increases at lower octave bands, the impedance
tube method was chosen as the more suitable measurement for
the purpose of this experiment. An added benefit of obtaining
absorption coefficients from the impedance tube measurements
is that results may be directly compared with simulation results,
given that both sets of absorption coefficients describe sound
behavior orthogonal to the absorber surface. The same
comparison may not be made with results obtained from
reverberation chamber experiments, since the absorption
coefficients that were obtained from the conducted
measurements are only applicable for diffuse field excitation.

The measurements were conducted in a large, square-
sectioned impedance tube at the testing facility of the
department of engineering acoustics at the Technical University
of Berlin. The dimensions of the tube are 0.25 m in depth and
0.25 m in width, allowing for accurate measurements in the
frequency range of 20 Hz to 680 Hz. Class 1 measurement
microphones were inserted at heights of z; =1.9m, z, =2.52 m,
and z3 = 2.75 m. Though the measurement was conducted
according to ISO 10534-2:1998 [22] using the transfer function
method, which conventionally uses two microphone positions,
a third position farther away from the test specimen along with
the microphone closest to the probe allow for greater accuracy
at lower frequencies where wavelengths begin to approach
critical lengths and differences in phase become harder to detect
when the microphones are too close together.

a
L)

&F &
Fig. 6 Visualization of the three variations as negative voids

Three concrete probes with varying inner resonator volumes
(V1 =8x10°m3, V>=1.6 x 10* m3, and V3 =4 x 10* m?) but
constant resonator neck geometries were printed for the
measurements. The dimensions along the outer edges were 0.25
mx 0.25mx 0.25 m, as shown in Fig. 5, providing them a tight
fit within the impedance tube. Dense window kit was used to
seal the top edges of the probes where the cement meets the
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adjacent metal wall of the impedance tube to avoid any edge
effects which would allow for additional slit-like absorption in
the thermal layer during measurements. The specimens were
placed directly on the floor of the impedance tube.

Fig. 7 Physical prototype inside the impedance tube

Various numbers and configurations of resonator neck
openings were measured, including 2, 4 (closely spaced), 4
(widely spaced), 6 (closely spaced), 6 (widely spacing), and 10
to test for differences resulting from changes to resonator array
geometry. The holes were tightly plugged with a compressible
foam, which allowed no air to move through the plugged hole.
As described in ISO 10534-2:1998 [22], after calibration and an
initial phase correction within the data, the measured pressures
were recorded and processed within the test software which
outputs the transfer functions of the total, incident, and reflected
sound fields necessary to calculate the complex reflection
factors with the equation:

r=H12— HIHR — H12e2jk0x1 €))
in which H,, represents the transfer function of the total sound
field, H; and Hg the transfer functions of the incident and
reflected sound fields, respectively, ko the wave number of the
frequency in question, and representing the distance between
microphone positions. The resulting reflection factor allows for
the simple calculation of the absorption coefficient following
the equation

a=1-|r2. 2)
B. Development of a Numerical Model
Analog to the impedance tube experiments, the

implementation of a well-tested and validated numerical
modeling technique using the finite element method was used
to conduct simulations of incident and reflected sound fields
orthogonal to the surface of the printed concrete structure. The
discretized geometry, representing the negative space from the
physical structure of the actual printed slab, as seen in Fig. 8,
was created in Grasshopper and imported into COMSOL
Multiphysics via Rhino.Inside [23] and LiveLink for Revit [24].
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Fig. 8 (a) Numerical model; (b) Detail of meshed resonator volume

The simulation principle was to develop a virtual impedance
tube in which plane waves, defined as a background pressure
field, with an amplitude of 4 = 1 Pa were sent orthogonally
towards the resonator structure openings and reflected into the
tube from which they could exit with perfect attenuation using
perfectly matched layers (PML). At a height z = 0.15 m above
the resonator surface, incident and reflected pressure fields
were probed and averaged over the entire surface parallel to the
structure. The complex reflection factor was calculated with,

_ Pscat

Vi =
sim
DPinc

3)

from which the absorption coefficients could be calculated
analog to (2) with agjm = 1 — |rsiml?.

Highly resonant numerical acoustic models in which all
external boundaries are considered to be sound hard benefit
from the addition of slight damping to increase accuracy in the
results. For this reason, a porous domain was included within
the resonator cavity with a minimal fluid resistance of 50
Pa-s'm™.

C.Shape Optimization of Numerical Model
An objective of the printed concrete structure is to not only
provide sufficient base damping in a single frequency band,
rather in a broadband manner by generating a constellation of
various resonator proportions and geometries. In order to find a
set of physically realizable resonator geometries with resonant
frequencies ranging from 125 Hz to 630 Hz, a general shape
optimization study step was conducted within the FEM
software. A set of reference absorption coefficient values,
defined as Gaussian pulse functions were provided to the
model. The referred to equation was as follows:
aobj(f)= a-e—(f—b)22c2 4)
In this equation, a has a maximum magnitude of 1, f and b
are frequency and function shift coefficients, and ¢ a scaling
factor, an objective expression. These values were derived by
using the following equation:

®)

X = Y(adp — ¥im)
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In this equation X represents the difference of the squared
reference function and the squared simulated absorption
coefficients summed over all frequencies and could be
minimized using a Bound Optimization by Quadratic
Approximation (BOBYQA) method. A gradient free method
such as this is especially suited for this type of problem, where
the fitting of parameters redefining the model geometry need to
contain both discrete integer steps, such as number of resonator
necks, as well as scaled adaptation steps in the millimeter range,
for example in resonator neck width radius. In addition, the
BOBYQA minimization method effectively finds local minima
of non-linear function sets in multi-parameter tasks. Four
control variables, or parameters, were used to evaluate the
optimized geometry for the intended resonant frequency
including resonator cavity depth controlled by the domain
extrusion height, resonator neck height, resonator neck radius,
and number of resonator necks. Since the optimization
algorithm must evaluate parameter values between whole
numbers, a dummy variable was defined to round the evaluation
step to the nearest whole number to allow for a discrete value
controlling the number resonator necks within the resonator
neck array geometry node. The completed simulation returned
the optimized geometry as well as the numerical values of the
control parameters, which could be fed back into the generative
model in Grasshopper respectively via LiveLink for Revit.

V.METHODOLOGY: FEEDBACK FEM TO CAD

After the FEM optimization process (Section III), the
modified geometric variables are fed back into the CAD/BIM
software e.g., Rhinoceros/Grasshopper3D in real time. The
geometry generating variables are reinstated by the optimized
values deceived form the FEM optimization and form the basis
of the acoustically optimized final geometry of the FB. This
process can be repeated iteratively to make further mechanical,
acoustical and aesthetic adjustments or to generate design
variants. After the completion of the iterative design and
optimization process a custom algorithm can automatically
generate the source code or machine code needed for the
additive manufacturing process to produce the final physical
artefact fostered by the numerical result. In this process step,
further manufacturing parameters such as the printing speed,
the printing volume, the material-dependent plastic
characteristics of the printing mixture and the technical
capacities of the respective robotic manufacturing station can
be integrated into the generative manufacturing process of the
FB allowing further variations in finishes and resolution
quality.

gl

Fig. 9 Images of the printing process
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Fig. 10 Image of physical mockup

VI. RESULTS

The impedance tube measurements tested for shifts in
frequency and magnitude of absorption peaks of resonant
frequencies in the structure as a result of variable resonator
cavity volumes and number of resonator necks while it is
mathematically evident that a larger resonator cavity decreases
the resonant frequency frs (in Hz), according to:

f;‘ os = Co ’ Sneck
27 4| Vcavitylneck
where ¢y is the speed of sound, Sneck the surface area of the
resonator neck, Veavuy the volume of the resonator cavity, and
Ieck the length of the resonator neck. It could be observed that
an increase or decrease in open resonator necks within an array
as compared to the control specimen resulted in a highly
discernible shift in the resonant frequency of the printed
resonator structure. Fig. 11 shows the absorption coefficients of

all probes measured in the impedance tube, the properties of
which are listed in Table 1.

(6)

0.9 [|—M0

0.8

0.7 f|—LD
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Frequency / Hz

200

Fig. 11 Results of impedance tube measurements

As the results show, while increases to the cavity volume
lower the resonant frequency, an additional reduction of
resonator neck openings further decreases the resonant
frequency for the same resonator cavity volume. Changes to
hole spacing seem to have a minimal effect on the resonant
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frequency and the magnitude of its absorption.

TABLEI
PROPERTIES OF TEST PROBES

Probe  Volumeinm®  Number of open resonator necks
SO 8x 107 10
MO 1.6 x 10 10
Lo 4 x10™ 10
LB 4 x 10 2
LC 4 x 10 6 widely spaced
LD 4 x 10 4 widely spaced
LE 4 x10* 4 closely spaced
LF 4 x10™ 6 closely spaced
SO 8 x 107 10
MO 1.6 x 10 10
Lo 4 x 10" 10

Initial FEM simulations of a detailed model, which was
based on the same geometry as the probe L0, whose resonant
frequency lies at fis = 364 Hz and an absorption of aies = 0.76,
returned absorption coefficients with a resonant frequency of
fres = 340 Hz with axs = 0.75. The results of the geometry
optimization procedure, as seen in Fig. 12, show that automated
changes to the above-described geometric parameters will
indeed achieve broadband absorption below 800 Hz, with
maximum absorption ranging between 0.50 and 0.70.
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Fig. 12 Results of FEM simulation (solid black: simulated absorption
coefficient; dashed red: reference functions)

VII. CONCLUSION

As the empirical measurements show, a generative design
process and workflow for the manufacturing of a 3D printed
acoustic absorber structure based on Helmholtz resonator array
geometries can successfully be integrated into early building
planning phases and reduce the later need to add redundant
acoustic absorber materials. The structure described can
provide a significant level of broadband base damping for
frequencies as low as 125 Hz with 70% absorption. As design
conflicts arise between acoustic engineers, architects, and other
consulting engineers regarding the technical and aesthetic
functions of inner building surfaces, planning expenses can rise
while the room acoustic quality of the end result may decrease
due to compromises made by the acoustic engineer. This often
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leads to the requirement of additional absorber materials
installed after the fact by tenants, which may or may not
compete with other physical aspects of the architecture, be they
visual or technical. Additionally, stringent spatial requirements
placed on planning acousticians increase the difficulty in
meeting various requirements for room acoustic comfort in
workplaces, for example those stated in norms such as the DIN
18041:2016-03 [25], 24. ASR A 3.7:2021-03-24 [26], and VDI
2569:2019-10 [27].

The presented work aims to foster the collaboration between
an interdisciplinary group of designers and engineers and offers
a methodology that could significantly benefit the early-stage
design as well as the following project related decision-making
processes and allows to conceptualize and prototype entirely
novel and innovative building structures only conceivable by a
highly active interdisciplinary collaborative effort and state of
the art technological advancements. By incorporating not only
a broadband effective acoustic design solution into the planning
of the primary structure, combined with the advantage of macro
and micro level geometric articulation of the design, while also
being capable of including other mechanical, thermal but also
aesthetic requirements, a more efficient execution of the
building structure can be achieved, resulting in spaces with a
higher degree of user comfort for a plethora of parameters.
Future studies could involve a FEM-based and empirical
assessment of the sound reduction index of such a large-scale
printed structure, as well as utilizing a FEM model for
predicting acoustic scattering coefficients. Additionally,
researching and defining a set of design algorithms which
incorporate Multiphysics simulations of thermal and static
properties of the structure conducted alongside acoustic design
optimization schemes would ultimately provide an ideal
foundation for an adaptable and efficient solution for solving
multiple building physics problems in an integrative way.
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