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Abstract

The feasibility of the production of end use ‘brass’ musical instruments using Rapid
Manufacturing (RM) is discussed with an emphasis on optimising the structural resonance
through stiffening structures. The method is based upon a coupling between the air-column and
structure when their resonant frequencies approach each other, which accentuates the players’ lip
to wall coupling effect. The degree of wall vibration and the frequencies at which it occurs can
be controlled by variation of the structure’s stiffness and the design freedoms allowed by RM
enable greater control of this. Initial results of the structures and their performance are presented.

Introduction
This paper looks at the multi-disciplinary optimisation of air-column instruments
accounting for wall vibrations. It includes modal, stress, mass reduction and manufacturing
constraints. It outlines the principle and methodology for including the interactions between the
structure and the air-column into an optimisation loop. Initial results are presented while the
ongoing research is carried out. While in this case the method is defined for brass instrument
application, it could also be applied to other areas such as vehicular exhaust systems.

The subject of whether the wall vibrations of an air-column musical instrument, such as a
trumpet, has an effect on the resulting sound has seen much debate over the past 100 or so years.
There has been a great deal of conflicting research and there is still a lack of understanding of the
mechanisms behind the wall vibration effect. Wall vibrations can be affected by many factors
such as material type, wall thickness and structural support. Musicians and musical instrument
manufacturers have long thought that these factors impacted on the sound of their air-column
instrument, but scientists have had difficulty in finding convincing causes for an audible effect.
Those that concluded that the wall vibrations have an audible effect were [1-27]. Those that
concluded that they have little or no effect were [28-47]. Those that concluded that they still did
not know based on their results whether the vibration of the walls was large enough to be
significant were [48-50]. However, recently scientists have been able to explain some of the
discrepancies in results. The reasons for this contradiction have been identified as:

1) The difficulties in constructing two instruments having exactly the same internal
geometry and weight [48], especially out of different materials e.g. machining
differences [51]. Moore et al [27] removed this potential for error, by damping the
same geometry to lesser or greater extents to vary the wall vibration, instead of using
different samples.

2) The extreme differences in results between human players of the same instrument
[47]. Artificial lips such as that used by [50,52,53-59] can be used to improve
repeatability.

3) The contradictory nature is inherent in the choice of instruments [27,60]. Authors
claiming a lack of importance of bell vibrations have used trombones, while those
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claiming an importance have used instruments which use mouthpieces significantly
smaller in size such as a French horn and trumpet.

4) It has been found that asymmetric horn cross sections radiate more strongly than
symmetric ones at low frequencies [17,25,26]. Perfectly symmetric instruments are
impossible to manufacture and these small differences can affect the results.

5) That the harmonic content of steady tones is not enough to characterise an instrument
and listeners generally depend on transitory effects for identification. Therefore, this
brings into question many of the tests carried out only comparing steady tones
[38,45,61].

Recent work by Moore et al [27] has provided results which are in agreement with
anecdotal evidence presented by players and instrument makers, such as those detailed by
Sanborn [62], which is that reducing the bell vibrations produces a ‘darker’ sound, whereas
greater bell vibrations produces a ‘brighter’ sound. A ‘darker’ sound can be described in terms of
a greater relative power of the fundamental harmonic of the sound spectrum and a lower power
in one or more of the higher harmonics. The spectral centroid is correlated with the brightness
and is commonly used to assess it [89]. Moore et al [27] concluded that the most likely reason
for the wall vibrations having an effect is mechanical feedback of vibrations from the bell to the
players’ lips through the walls. The players’ lip movements are then affected which subsequently
affects the power spectrum. They also propose that slight changes in the input impedance at
higher frequencies are due to changes in the viscous boundary layer, which increases with
vibration magnitude; they postulate that it is a combination of both of these two effects. There
are 3 couplings relevant for transfer of vibrations: 1) Between the internal air and the walls, 2)
between the walls and the external air, and 3) between the players’ lips and the walls.

Backus [33] found for a clarinet that the vibrations of the clarinet body were mostly due
to the reed beating against the mouthpiece and not to radial vibrations due to expansion of the
tube by the pressure variation of the internal standing wave. For brass instruments, it has been
found [27,50] that the most dominant of the couplings is the mechanical coupling of the lips to
the walls, through the mouthpiece. However, Hoekje [51] found that the coupling to the
structural vibrations themselves from the player’s lips and from the air vibrations are similar to
each other in magnitude and Pico er al [63] discuss that in general, the vibroacoustic coupling is
negligible, but for some materials (e.g. polymers), it becomes very important. Pico et al [63]
describe three phenomena which underlie this coupling: 1) a mechanical resonance, 2) a spatial
coincidence effect and 3) an acoustic resonance. The spatial coincidence effect corresponds to
the spatial matching condition between the acoustic profile and the structural modes. If two of
these phenomena occur at the same time, the vibration effect becomes significant and the
acoustic resonances and anti-resonances of the tube can be significantly altered. Whitehouse et al
[49] state that the magnitude of the wall vibration is dependent on how close in frequency the
artificially blown resonances and the structural resonances are. Nederveen and Dalmont [26]
observed that the resonating air-column in a thin-walled metal organ pipe interacted with the
wall resonance (i.e. coupling 1: between the internal air and the walls). These effects were
audible when a wall resonance frequency was nearly the same as that of the air-column. Similar
results were found by Scholz [64].

Any noticeable effect of wall vibrations is not attributable to the radiation of sound from
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the vibrating walls (2" potential coupling in the above list) because these instruments are not
percussion instruments. There are fundamental differences between instruments which make
sound from vibrating air-columns, and those in which the sound comes from the vibrating
structure. The sound produced by the vibrating bell of a trombone is about 10,000 times less
powerful than the sound energy from the resonating air-column and, because a trumpet bell is
smaller, the radiated sound is likely to be substantially lower [27]. Gautier and Tahani [48] also
conclude that “the radiated sound power from the lateral wall is calculated for mechanical and
acoustical excitations and is found to be much lower than the sound power radiated from the
open end”.

In summary, there are certain conditions that, if met, result in an instrument which is
more or less susceptible to vibration and to audible differences in sound. Hence by varying the
structural properties (e.g. stiffness), the difference between the structural and air-column
resonant frequency and thus the degree of vibration can be controlled. If a ‘darker’ sound is
desired, which is a result of an increase in power in the fundamental harmonic, a stiffer structure
would be required, with the opposite being true for a ‘brighter’ sound. Sounds anywhere between
these two extremes are theoretically obtainable by optimising the stiffness of the structure and
the harmonic spectrum. Work is therefore needed on defining what the optimal stiffness profile
would be and how to integrate this as an objective in an optimisation problem. Manufacturers
produce brass instruments with different wall thicknesses specifically for players who want a
brighter or darker sounding instrument and players can use additional masses to attach to the
instrument in places to affect the sound. However, thick walls and the associated weight is often
cited as a practical issue for players, especially for larger instruments such as trombones [62].
There is therefore potential for the weight reduction criteria to be included in the structural
optimisation.

Rapid Manufacture

Brass instruments are complex products which have traditionally been manufactured
primarily by skilled craftworkers. In recent years, CNC processes have been employed for some
aspects of the production, but still many of the production stages are carried out by hand. To
investigate the feasibility of using Rapid Manufacturing (RM) processes for fabricating these
sorts of instruments and to understand any limitations which may be of interest, two working
polymer instruments were produced. The instruments used were a pocket trumpet, chosen
because of its complexity as it is a tightly coiled trumpet and a soprano trombone which is
simpler in shape but a better quality instrument. They were reverse engineered using a coordinate
measuring machine (CMM) and a CAD model was generated from this data. They were
manufactured on an SLA7000 machine from 3D systems using Somos Watershed 11120 resin
with a layer thickness of 0.1mm. This machine is capable of a 0.025mm layer thickness but the
setting of 0.1mm was used for time-benefit reasons. The axis of the bell of the pocket trumpet
was oriented horizontally on the build platform while the axis of the bell of the soprano
trombone was oriented vertically to ensure a more dimensionally accurate part and to reduce the
amount of support structure required. The internal surfaces of the instruments were largely
circular in cross section and so self supporting. The CAD models and the finished SLA parts are
shown in Figure 1 and Figure 2.
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Figure 1 - CAD model and SLA prototype of a pocket trumpet.
The number of parts was reduced from 113 to 17 (an 85% reduction)

Figure 2 - CAD model and SLA prototype of soprano trombone

Initial conclusions drawn from the manufacture of these instruments were that the
tolerances achievable was limiting. This was especially apparent with the pocket trumpet model
which included moving valves and several tuning slides. This resulted in a significant amount of
air leakage during playing. The pocket trumpet was very inexpensive and even the original metal
one did not perform well, so it was little surprise that the SLA model didn’t either with the
additional problem of air leakage. The results for the soprano trombone were more promising
and it was largely in tune when played. This is likely to be mainly due to the fact that the bore
profile comes from a better quality instrument. A main cause of the tuning issues for this
instrument was found to be the step change between the internal and external parts of the slide. A
larger step change was included on the SLA part to provide sufficient rigidity in the lengthy slide
and by increasing the wall thickness of the internal slide, the internal diameter of the outer slide
had to be increased accordingly. This resulted in a change in the bore profile and the tuning
deviations. The manufacture of these instruments indicated that, while there were some issues at
this stage with regards to material properties and tolerances, they would probably be reduced
somewhat with different materials (either polymers or others) and more accurate processes. The
internal surface finish could also be improved significantly through various methods should the
time be taken to do so.

The topic of this work is to include the interaction of the structure with the air-column in
the design process and RM allows the manufacture of optimised designs without being restricted
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by complexity limitations. Some of the current practical issues are going to be ignored based on
the assumption that better processes and materials will be developed in the future.

Optimisation of air-column instruments

The application of computational optimisation techniques to air-column instruments has
been carried out previously [66-72] but these studies focussed purely on the uncoiled bore profile
of the instrument based upon its link with the input impedance and only considered the walls as
rigid. Some work has been done on incorporating bends [77] as they have been found to have an
audible effect, depending on their tightness [69,71,75,76]. Focus on the bore profile is
understandable as it does have the greatest impact on the resulting sound, but further accuracy
can be achieved by taking structural aspects into account. It is useful also to include other
optimisation criterion in the process to produce coherent designs.

Other related work includes that carried out on optimising the shape and topology of
loudspeaker horns [74,79]. Loudspeaker horns differ from musical horns in quite a fundamental
way in that musical horns require reflections to generate standing waves, whereas loudspeaker
horns require the minimum level of reflection possible (as reflections would cause the sound to
distort). So instead, the goal is to optimise the transmission effectiveness of the horn to get zero
reflection. This is achieved by altering the profile of the horn through the addition of mass to the
inside surface to match the impedance to that of the surrounding air.

Structural optimisation based upon frequency constraints is very common as it has
numerous design applications. Some of the earliest work on this was by Turner [80] who
developed a finite element numerical procedure for minimising the structural mass of aircraft
with specified natural frequencies. Grandhi [81] reviews this topic and identifies research by area
of application, including shells. Rao and Reddy [82,83] looked at the weight minimisation of
stiffened cylindrical and conical shells with natural frequency constraints using variables of shell
wall thickness, sizes of stiffeners and the number of rings and stringers (longitudinal beams that
connect the rings). Bratus [84] varied the thickness of cylindrical shells to obtain the minimum
weight for axi- and non-axisymmetric cases. In a slightly different approach to weight
minimisation, Hassan et al [85] maximised the fundamental frequency of a conical shell without
increasing the total structural mass, using stiffening rings. All the literature on shell optimisation
with frequency constraints seems to be basically sizing and shape optimisation. While not
directly applied to shell problems, Xie and Steven [86] use the Evolutionary Structural
Optimisation (ESO) method to optimise topology, subject to different frequency constraints.
Material is removed after each design iteration to move the frequencies in the desired direction.
Topology optimisation is considered to be able to produce globally optimal solutions.

It is the coupling of the structural vibrations with the internal acoustic air vibrations into a
multi-disciplinary optimisation model specific to air-column instrument design which is novel in
this research.

Overview of method
The method detailed in this paper explores the interaction between the structural and
acoustical aspects of pipes. The method currently implemented is based on the flowchart shown
in Figure 3 and is used to generate the results detailed in this paper. The acoustic optimisation is
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currently loosely coupled to the structural optimisation. This method is based upon the coupling
between the air-column and structure and the reason for this was explained earlier. The
magnitude of the wall vibrations is greatest when the structural resonant frequency matches the
air-column resonant frequency. The focus of the study is on the bell end of the instrument as this
is where the amplitude of vibration is greatest. By controlling the degree of wall vibration
through varying the stiffness, the resonant frequency can be controlled, enabling a desired target
sound profile to be achieved; either ‘bright’, ‘dark’, or somewhere in between. Initially, the aim
is to match the resonant frequencies of the air column and the structure, thereby emphasising
vibrations at those frequencies. It may indeed be the case that it is desirable to avoid all structural
resonant frequencies so that the degree of matching is optimised to a minimum thereby creating a
darker sound.
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Figure 3 - Simplified flowchart of optimisation procedure

The sound quality of a tube can be measured using the input impedance profile of the
geometry. According to Moore [87], virtually everything about how a brass instrument sounds
can be understood from this profile. However, the effects of wall vibrations cannot be understood
based upon the input impedance because in modelling work, the walls are treated as rigid. It also
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does not take into account the players’ lips and style of playing which have large control over the
sound. The input impedance of a real instrument is found usually not by playing the instrument
but by sending a pressure impulse down the bore and measuring the pressure variations at the
input. Input impedance is a complex function of frequency, defined as the quotient of sound
pressure and sound flow at the interface between the player’s lips and the mouthpiece. The air
contained within the instrument will resonate based on the impedance and so the impedance
should be such that the resonances are at the desired frequencies. On an impedance magnitude
against frequency graph, peaks that are tallest and sharpest indicate that that particular tone is
easiest to initiate and sustain without wavering. The position of these peaks determines the
intonation. The impedance peaks for the harmonics of each note being played also need to be in
the correct place along the frequency scale. The harmonics of a note also sound when it is played
and it is the combination of all of these frequencies that gives instruments such as these their rich
sound. The relative strength of the harmonics with each other influences the timbre of the sound.

A wind instrument can be described as an impedance transformer between the player and
their surroundings. The geometry can be simplified and split up into many small segments,
cylindrical or conical in shape. By finding the transmission matrix for each of these segments the
impedance of the full impedance can be found from their product. The transmission or transfer
matrix, H, for a conical or cylindrical segment is denoted by:

Hy,  Hyp
il ] @b
Where each element of the matrix is calculated based on the dissipative versions from Mapes-
Riodan [73] for spherical wavefronts. Once the transmission matrix has been found for each
segment, the transmission matrix for the whole instrument can be found:
H = H;H,H; ... H; 4.2)
Where H; is the transmission matrix of the i element from the left. The input impedance, Z;, of
the impedance transformer is calculated from H as follows:
o Hi; + HiiZ,
" Hy + HyZy
Where 7, is the radiation impedance seen from the end of the instrument as calculated by Caussé
et al [88]. This method has been formed into an optimisation loop that uses a genetic algorithm
(GA) implemented in Matlab to find the global optimum. A target input impedance profile is
defined with peaks centred on desired note frequencies and with a desired magnitude The
optimiser then finds the geometry that has the impedance profile that matches the target.

4.3)

To get an understanding of the manufacturing limits that would be used as an
optimisation constraint a test was carried out to investigate what was the thinnest wall that could
be made using the SLA7000 machine for a horn geometry. A self supporting horn was designed
and the wall thickness specified at 0.3mm (close to specified machine capability limits). The
resulting part was slightly thicker than this (~0.5mm) due to machine calibration issues and that
the laser power was low. However, other more modern machines can produce thinner parts.

Geometry representation for Structural Optimisation
The geometry is represented in different ways for finite element analysis (FEA) and
optimisation depending on the method used to achieve the optimisation objective. For instance,
for wall thickness variation using 2D shell elements, the acoustically optimised bore profile is
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directly transferred to the pre-processor and the optimisation model set up using scripting. Figure
4 shows a simplified four variable bore profile which then is split into four wall thickness
variables for structural optimisation. Boundary conditions are applied for nodes that are fixed,
i.e. at the players lips and instrument support braces, and a load applied to the end. This basically
forms a cantilever problem which, while is not meant to be a completely realistic representation
of the problem at this stage, it allows the method to be developed. Once the correct boundary
conditions are worked out it is a simple task to replace the existing ones with them. Equally, the
number of variables would be increased to increase the extent of the optimisation. The material
used was Somos Watershed 11120 and for this initial study the material properties were': Elastic
modulus 2765MPa, Tensile strength 47.1-53.6MPa, density 1120kg/m3, and Poisson ratio 0.45%.
More reliable material properties data has been obtained from experiments carried out at
Loughborough University and this will be used for future studies.

50.00

a) Variable 4
) Variable 3 M
L Variable 1 P Variable 2 _ ?::
b) T
For modal loadcase these nodes are also fixed . —T—]
|% ~l ; _____‘__:H:ﬁf—?_———
“—-—:—0—_‘»_.-___:1 B ] |

Figure 4 - Load cases for a) linear static and b) normal modes, showing boundary conditions, mesh, and shell variables.
Red dots indicate specific nodes that were fixed to represent support brace positions.

Traditionally, the stiffness of the walls has been adjusted by simply varying the thickness
or in some cases by the adjustment of brace positions. With the design freedoms enabled by RM
there is scope for optimisation of the stiffness using more complex structures such as lattices.
Figure 5 shows a lattice applied to the outside of the acoustically optimised bore profile. This is
achieved through a multistage process involving CAD and element manipulation in the FEA pre-
processor. Once the structure has been defined using 1D beam elements, boundary conditions are
applied that are similar to those shown in Figure 4. Once the sizing optimisation of the beam
diameters is completed, the results are used to generate a 3D CAD model by applying cylinders
to each element and spheres at their joints.

Figure 5 - Lattice structure applied to outside of acoustically optimised bore (uncoiled or coiled), in this case just the bell end.

' DSM Somos Datasheet for Watershed 11120 from www.dsm.com
* Poisson ratio for a fully cured photo-polymer from Wenbin et al [90]
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Opening up the design space further can be achieved through topology optimisation, in
this case using the density method. Within a set design domain, the density of each 3D
hexahedral element can be varied between O and 1 to find the optimal topology. This can
subsequently be refined using shape or sizing optimisation. Geometric representation of this type
requires some CAD to create the bounds of the domain prior to mesh generation in the FEA pre-
processor. As shown in Figure 6, the design domain bounds in this instance match the profile of
the bore itself to enable a uniform hexahedral mesh to be used. The inner surface of the model is
not included in the design domain. The complexity of the lattice structures and the topology
optimisation geometry does not lend itself to SLA (due to support structures) and so prototypes
were planned for construction using selective laser sintering (SLS) with a Sinterstation Vanguard
from 3D systems with Duraform PA powder. The material properties used were: Tensile
modulus 1586MPa, density 1000kg/m3 , and Poisson ratio 0.3.

Design domain £ o inner surface

Figure 6 — a) Design domain initially specified and b) close up showing the fixed internal surface

Objectives and Constraints
There are several objectives that could be implemented into this optimisation method.

Initially the intonation and timbre of the sound has been included by looking at a target
stiffness/compliance profile. Examples of other musically important objectives are note
generation efficiency, note variability, and response (note attack). Constraints can be split into
four categories:

1) Manufacturing: Rigidity, porosity, tolerances, support material removal

2) Geometric: Physical size, bends, mass

3) Material: Mechanical properties, surface finish

4) Other Acoustic: Wall vibrations, bends, moisture absorption
Currently, the material mechanical properties have been included through stress constraints and
wall vibrations have been included through modal constraints.

? 3D Systems Duraform PA datasheet from www.3dsystems.com
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Initial results
Initial results for the wall thickness variation and also initial lattice sizing and topology
optimisation results are presented here. This work is continuing and will be reported more fully
at a later stage.

Wall thickness variation:

The target in this case was a resonant frequency between the limits of 133 and 134Hz to
match a chosen resonant frequency of the air column. The geometry was split into four variables
and the model set up as shown in Figure 4 with modal and stress constraints and with a weight
minimisation objective. The results of this optimisation are shown in Figure 7 to Figure 10.
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Figure 9 - Modal constraint history for mode 4 (I symmetric Figure 10 - Stress constraint history. Optimised maximum
mode). Optimised resonant frequency was 133.1Hz. stress was 360MPa.

Lattice beam diameter variation:

As an example using a lattice for beam sizing optimisation, all of the beam diameters
were controlled as one variable. The target modal frequency for the first symmetric mode of
vibration was 698.5Hz (lower and upper bounds set as 698.5 and 698.6Hz respectively) which
corresponds to the musical note Fs. So in theory if the structure was made such that it was likely
to resonate at this frequency, then when the note Fs was played then the sound would be brighter
due to increased wall vibration. A weight minimisation objective was also included. The
resulting optimised beam radius was found to be 0.94849mm at design cycle number 9. The
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optimisation histories are shown in Figure 11. Clearly by allowing a greater number of variables
a further optimised design could be achieved.
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Figure 11 - a) Mode 7 resonant frequency history, b) Design variable history, and c) Maximum value of constraint

Topology optimisation:

The model set up for topology optimisation included modal and mass reduction
constraints. An objective of compliance minimisation was set. Boundary conditions were set the
same as for the previous two optimisation examples. Figure 12 shows the material distribution
results with cyclically symmetric constraints included. Because the density is continuous from 0-
1 and not simply void and solid, a density threshold is used to view the distribution. While the
optimised material distribution could be manufactured directly using RM, it is usual to redefine
the geometry based on the results and refine the design using shape or sizing optimisation. It
would be interesting to see the topology outlined from this optimisation be subsequently formed
from a lattice structure, for example.

47—

A

2500

Figure 12 - Material distribution results for topology optimisation with a 4 segment
cyclically symmetric constraint and displayed with a threshold of 0.25
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Further work planned

The results shown above demonstrate the scope of this work investigating optimising the
structure of the instrument as well as the internal bore profile. The next step is to incorporate
stress constraints together with multiple modal constraints. As mentioned at the start of this
paper, more detailed results are expected to be available later this year. Work is needed to define
the desired stiffness profile based upon modal characteristics and it is likely that there will be
several desired profiles depending on the level of brightness required. Increased capability of the
optimisation is also planned, especially for the lattice structures, where the position of the beams
will be assigned as a variable.

Artificial lips have been constructed and will be used to play manufactured instruments in
a repeatable manner. The resulting sound spectrum will be recorded and assessed for brightness
based upon the spectral centroid [89]. Validation of resonant frequencies will be carried out
using Laser Doppler Vibrometry (LDV) and visualisation of the vibrational modes carried out
using out-of-plane Electronic Speckle Pattern Interferometry (ESPI).

Conclusions
In this paper a new multi-disciplinary method has been presented which includes acoustic
and structural interactions for optimising brass instruments. It opens up the design space to take
advantage of RM technologies. Specific conclusions are that:

1) Based upon a review of the literature, wall vibrations do indeed have an audible effect on
the sound, as is claimed by most manufacturers and players. The effect of the vibrations
is greatest when the air-column resonance matches that of the structure and it can be
controlled to match that of the air-column by altering the structure.

2) Lattice structures can be used to alter the stiffness profile while keeping the mass to a
minimum and topology optimisation can be used to produce the initial topology which
can later be refined. Wall thickness variation can be used in addition to these to optimise
the thickness of the internal bore profile.

3) Further work is needed to define a more detailed optimisation model based upon defined
stiffness/compliance profiles.

4) RM processes could be used to manufacture the instruments but it is likely that currently
much post processing would be required and hybridisations using stiffer materials for
slide inners may be necessary, or using machining processes to manufacture valves and
bores. However, as newer processes and materials are developed this may no longer be as
much of an issue.
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