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ABSTRACT

Loudspeaker cone resonance (“cone break-up”) is a fundamental cause of ripple in the
electrical impedance and sound pressure responses of electrodynamic loudspeakers. In
this thesis, the dependence of the characteristics of loudspeaker cone resonances on the
material properties and thickness profile of the cone is extensively determined by
creating 2D and 3D finite element models of a 6%-inch polypropylene-cone
loudspeaker. Techniques for adjusting the resonant characteristics of loudspeaker cones
by varying the material properties and thickness profile of the cone are explored and
summarised.

The effect of cutting narrow slots through the surface of a loudspeaker cone is
determined using 3D finite element modelling techniques, and cone slots are shown to
have a large influence on the characteristics of the loudspeaker cone. A slotted
loudspeaker cone with desirable impedance and sound pressure response characteristics
is modelled and constructed. The measured response of the slotted loudspeaker is
demonstrated to be a significant improvement over the characteristics of an unslotted
loudspeaker.
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CHAPTER 1

INTRODUCTION

The goal of the “ideal” loudspeaker is to accurately reproduce a sound pressure wave
from an electrical signal, without adding to or detracting from the signal. Such a
loudspeaker would create a pressure wave as a “point source”, be uniformly responsive
across the audible frequency spectrum, generate no extraneous frequency components,
and be perfectly efficient at transforming applied electrical power into radiated sound
power. In practice, the typical loudspeaker falls far short of these ideals.

During the last ninety or so years, loudspeaker system designers have employed a
variety of methods to pursue these ideals and create the desired sound pressure wave.
The very earliest designs [1] utilised an electrodynamic motor system to vibrate a paper
cone. Later designs employed electrostatically and electrodynamically driven planar
diaphragms, while exotic loudspeaker systems have utilised flame or ion transducers,
and, more recently, intermodulated ultrasonic beams. Of all these designs, the
electrodynamic loudspeaker has remained the most common, perhaps due to its relative
simplicity, and ease of manufacture.

The electrodynamic loudspeaker' consists of a radiating surface, (often conical in
shape), driven by an electrodynamic motor system. Even the earliest designers and
manufacturers of electrodynamic loudspeakers recognised that the magnitude of the
sound pressure wave produced by such a loudspeaker varies over its usable frequency
range. This undesirable “ripple” in the sound pressure response is audible even to the
untrained ear, and, along with other loudspeaker non-idealities, is often described by
such terms as “colouration”, or “distortion”. Further, all electrodynamic loudspeakers
produce unwanted harmonics to some extent, and fail to radiate equally in all directions.

' A detailed explanation of the theory and working principles of the electrodynamic loudspeaker is given
in Chapter 2.
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Ideally, the radiating surface of an electrodynamic loudspeaker would be perfectly rigid,
so that at every driving frequency all parts of the surface move with the same phase and
displacement. However, in reality, a loudspeaker’s radiating surface is never completely
rigid, but flexes with its own series of natural frequencies. Consequently, as the natural
frequencies of a non-rigid radiating surface are excited, its motion is far from uniform.
When the radiator is vibrated at a natural frequency, a standing wave is excited across
the surface, causing adjacent areas to vibrate out of phase with each other. When this
occurs, the loudspeaker’s radiating surface is said to be undergoing “break-up”.

Cone? break-up has long been understood as a major (although not exclusive) cause of
non-uniformity in the sound pressure frequency response of the electrodynamic
loudspeaker [2]. Furthermore, cone break-up can also be a cause of harmonic distortion,
as the loudspeaker cone flexes in a non-linear manner.

Consequently, there has always been ample motivation for researchers and designers to
develop mathematical models of electrodynamic loudspeakers in order to calculate their
surface displacement response and subsequent sound pressure response. Such models
are also extremely useful for describing the behaviour of electrodynamic loudspeakers,
and exploring the effects of design changes on their characteristics.

1.1 MODELLING LOUDSPEAKER RESONANCE

Models of electrodynamic loudspeakers have usually concentrated on one of two main
areas. Firstly, the resonances of the loudspeaker cone itself have been the subject of
research for many years, as detailed below. Secondly, other published research has
concentrated more on the physical behaviour of the loudspeaker’s motor system [33, 34,
43]. Both of these constituent components have a demonstrable effect on the sound
radiation of the loudspeaker cone, and both can be the cause of sound pressure
“distortion” and “colouration.” However, this thesis is essentially concerned with
aspects of the resonances of the cone itself, and their effect on the developed sound field
of the loudspeaker.

The earliest attempts at modelling loudspeaker sound radiation assumed that the cone
vibrated as a rigid body [3, p184]. This idealisation allowed an estimate of the
loudspeaker’s sound pressure response to be calculated using relatively simple
techniques first developed by Lord Rayleigh. Although these techniques accurately
predict the sound pressure response of an ideal rigid loudspeaker, they are inadequate
for determining the response of realistic loudspeakers. A more accurate calculation of
the developed sound pressure response requires the loudspeaker cone’s non-uniform
surface velocity to be exactly calculated across its usable frequency range.

Calculation of the sound pressure response of a non-uniformly vibrating loudspeaker is
typically performed in two steps. Firstly, the velocity distribution across the non-

2 It is usual for the radiating surface to be conical in shape.
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uniformly vibrating radiating surface is ascertained. Secondly, the surface velocity
distribution is subsequently used to calculate the sound pressure response at points in
space around the loudspeaker.

The earliest type of electrodynamic loudspeaker radiating surface consisted of a
truncated straight-sided cone driven from its apex. Among the first to attempt to find a
numerical solution for such a cone’s non-rigid vibration were Goldberg and Bogdannoff
[4], who applied the classical theory of thin shells to several straight-sided cones.
Goldberg’s method involved dividing the cone into a series of adjoining concentric
shells, and, using a lumped-parameter technique, numerically solving the differential
equations for each shell. By this means, the mode shapes and natural frequencies of
straight-sided cones were calculated on a computer, with good accuracy.

Kalnins [5] later expanded on the work of Goldberg to allow the modes and frequencies
of rotationally symmetric shells of arbitrary shape to be solved. The computer program
written by Kalnins allowed the natural frequencies and mode shapes of concave and
convex cones to be determined.

Frankfort’s excellent and comprehensive treatise on the vibration and sound radiation of
straight-sided loudspeaker diaphragms [6,7] was the first major attempt at determining
both the vibration and sound radiation of loudspeaker cones. Like Goldberg, Frankfort
also utilised a technique of dividing the loudspeaker cone into a series of abutting
annuli, and applied two different shell theories to find the vibration patterns of
axisymmetric straight sided cones. The displacement across the surface of the
loudspeaker cone was found for a number of different frequencies, and the sound
pressure and power responses calculated using a source superposition technique.

Frankfort was able to utilise this technique to determine the frequencies of the natural
modes of a straight-sided cone, and their dependence on cone material properties and
geometry. The shapes of the natural modes of the cone were compared with measured
mode shapes obtained using a holographic interferometry technique.

Bruneau [8] used a similar holographic interferometry method to measure the mode
shapes of a loudspeaker. Later, Bruneau and Bruneau [9] combined a shell model with
holographic and electrical measurements of a loudspeaker cone to create a more
complete and complex mathematical model of loudspeaker vibration and sound
radiation. Their model allowed the calculation of the sound pressure response of two
straight-sided loudspeakers of different dimensions to upper limits of approximately
900Hz and 3kHz.

Since the early 1980’s other authors [10, 11, 12, 13] have utilised a similar, but more
generalised discretisation technique to obtain the loudspeaker’s cone surface
displacement solution. This method became known as the Finite Element Method
(FEM), and was first applied to loudspeaker cones by Suzuki and Nomoto [11] in the
late 1970’s. Suzuki and Nomoto calculated the mode shapes and surface displacement
of a concave loudspeaker cone, and using a source superposition method, solved for the
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resulting sound radiation.

Concurrently, Kagawa et al. [12] used the finite element technique to find the structural
vibration of a loudspeaker cone, and coupled these results to an acoustic finite element
model of a loudspeaker cabinet. Previously published research had ignored the effect of
the mechanical impedance of the air on the resonant behaviour of the loudspeaker; a
fully coupled analysis accounts for the air load experienced by the radiating surfaces of
the loudspeaker. This approach enabled the authors to determine the sound pressure
distribution inside and outside the cabinet, while also calculating the effect of the
acoustic field air loading on the frequency and shape of natural modes of the
loudspeaker cone.

Kaizer and Leeuwestein [13] also used the finite element method to create a model of a
loudspeaker cone and the loudspeaker’s radiated acoustic sound field. This allowed the
sound pressure field at any point in space to be determined, but first required a
“calculation sphere” (over which correct boundary conditions are applied) to be meshed
with finite elements. The sound pressure at any point outside the calculation sphere was
calculated using the sphere’s surface velocity potentials. Thus, the FE method is not
ideally suited to modelling free-field loudspeaker sound radiation, as at least part of the
sound field must be divided into finite elements. Typically, this requires the use of a
large number of finite elements and is computationally expensive.

A more useful technique is the boundary element method (BEM), which allows the
pressure at points in a sound field to be calculated by modelling only the field’s
boundary, including the vibrating surface. This greatly reduces the computational
complexity of modelling sound pressure radiation. The BEM was applied to general
sound radiation problems in the late 1970’s and early 1980’s (refer to Kirkup and Jones
[14] for a large list of references), and subsequently applied to loudspeaker cone
radiation.

During the last 15 years, the BEM has become the favoured technique for modelling
loudspeaker sound radiation, when coupled to a finite element model of the loudspeaker
cone itself [14, 23, 30]. Commercial FE and BE software packages have become readily
available, allowing the loudspeaker designer to create and solve realistic models of
loudspeaker cones on a desktop computer, without the need for extensive computer
programming.



1.2 REDUCING CONE BREAK-UP

The development of the modelling techniques discussed in Section 1.1 has allowed
researchers to explore some of the attributes and characteristics of electrodynamic
loudspeakers. These mathematical tools and models allow the researcher to predict the
effect of changes in cone design on the behaviour of the loudspeaker, without the
expensive inconvenience of constructing the loudspeaker.

As loudspeaker cone break-up is a major source of sound pressure response ripple,
some studies have examined techniques for minimising the effects of cone break-up on
the sound pressure response. Usually, techniques for minimising the effect of cone
break-up fall into one of two categories:

- Maximising the stiffness and/or minimising the mass of the radiating surface.

- Removing the energy of any travelling waves in the cone through cone material
damping, or the use of a well-matched surround.

The rationale for increasing the cone stiffness is typically as follows: Since standing
waves on the loudspeaker cone are essentially a consequence of cone flexure, by
increasing the stiffness of the cone, standing wave formation will be precluded. The
justification for decreasing the cone mass is that doing so reduces the inertia of the outer
area of the cone, thereby increasing the ability of the cone to maintain rigid-body
vibration.

Some published research has focussed on developing new cone materials or geometries
that have an inherently greater stiffness, and therefore an increased resistance to cone
flexure. Aluminium, Kevlar, and titanium [15], amongst other materials, have found
favour with some designers due to their high stiffness:mass ratio. More exotic materials
that have been developed for use in loudspeakers include polymer-graphite [16], olefin
polymer [17], and glass fibre [18]. Others have used honeycomb [19], laminated [20]
and “sandwich” [21,22] structures in order to improve the stiffness of the loudspeaker
cone®. Some of these authors used numerical modelling techniques to optimise their
cone materials and geometries.

Frankfort [6] used his loudspeaker model to determine the effect of cone material
properties, thickness, apex angle, and inner and outer radii on the frequencies of the
natural modes of straight sided cones. While Frankfort’s work was restricted to straight-
sided cones, his results identified some broad trends in the dependence of natural modes
on material properties and cone geometry.

Geaves [23] used a combined FE/BE model to explore the effect of the properties of the
cone and surround material on the cone’s sound pressure response. He concluded that

* Some of these materials also possess a high internal loss factor, which also helps minimise the
amplitude of cone standing waves, as discussed later.
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the Young’s modulus of the surround has the greatest effect on the magnitude of features
in the sound pressure response, while the Young’s modulus of the cone affects their
frequency.

While increasing the stiffness and decreasing the mass of the cone material certainly
delays the onset of cone break-up, as all natural resonances are moved to higher
frequencies, it does not remove it entirely. Moreover, stiff, light diaphragms often
possess a lower internal damping ratio, thus allowing any excited natural modes to ring
more freely. Furthermore, perfectly rigid cone motion is not necessarily a desirable
outcome, as discussed in Chapter 2.

A second method for minimising cone breakup is to remove standing wave energy from
the loudspeaker, and thus minimise the amplitude of cone standing waves. This can be
achieved by increasing the mechanical loss factor of the cone material, usually by
adding doping agents to the cone material, or coating the cone surface with an
absorptive substance. This is the approach adopted by Murata et al. [24] in their patent
for a pulp paper cone doped with Chitin. Similarly, the loudspeakers used in this thesis
are manufactured from mineral-doped polypropylene, which combines a moderate
degree of stiffness with a high internal loss factor.

Wave energy can also be removed from the loudspeaker cone by using a well-matched
surround. If the mechanical impedance of the surround is a good match with that of the
cone, travelling waves reaching the outer edge of the cone will be mostly transmitted
into the surround, rather than reflected back down the cone. The importance of a well-
matched surround is widely recognised ([25] p44, [26] p29) but there is little published
research on the subject.

The loudspeaker design invented by Schreiher [27] combines an innovative surround
with a highly damped cone. Cone damping is achieved by extending a rubber damping
material down the front surface of the cone in a leaf pattern.

Shindo et al. [28] used a finite element model to calculate the effect of the voice coil
and surround on straight-sided, convex, and concave loudspeaker cones. Their results
indicated that the surround could affect the shapes and frequencies of the natural modes
of cones. However, their analysis was limited to paper cones using a felt surround, and
conclusions cannot be drawn from their work for cones and surrounds of other materials
and geometries.

Heed [29] used a FE model to research the factors that affected the amplitude of
standing waves in loudspeakers, and concluded that the cone and surround material
damping ratios had the most significant influence. Heed performed an ANOVA analysis,
using the elastic modulus and damping ratios of cone and surround, and the cone
density, as independent variables. Heed also concluded that a stiff cone with soft
surround performs better than a soft cone with stiff surround. However, his results give
no insight into the individual contribution that each of these variables makes to the
frequency and amplitude of cone standing waves.
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In a different approach to smoothing the sound pressure response, Geaves [30] uses a
feedback process to optimise the shape and thickness of a loudspeaker cone to a pre-
specified “mechanically filtered” sound pressure response criterion. An iterative
technique was used to make incremental adjustments to a set of design variables
defining the cone shape and thickness, resulting in a modelled loudspeaker design with
a sound pressure response that decreased linearly at high frequency.

All of the preceding articles assume that the loudspeaker is symmetric about its driving
axis. Thus, the modelling techniques employed are restricted to two-dimensional rather
than three-dimensional models. Consequently, there is almost no published research
examining the resonant behaviour of non-axisymmetric loudspeakers. An exception is
Struck [31], who used a laser velocity transducer to measure the resonant modes of a
loudspeaker. Struck briefly considers the effect of adding a mass to a point on the
loudspeaker cone, and measures the resulting non-axisymmetric mode shape.

The lack of published research in this area is partly due to the fact that significantly non-
axisymmetric loudspeakers are rarely used in expensive loudspeaker systems where
sound quality is a major design criteria. Accordingly, published FE analyses all seem to
assume axial symmetry, which greatly reduces the size of the FE model. Furthermore, it
is only recently that desktop computer power has developed to the extent that 3D FE
modelling of non-axisymmetric loudspeakers has become feasible.

In summary, there are many published articles addressing aspects of modelling
loudspeaker cone vibration and sound radiation. The majority of these articles examine
methods for minimising the effects of cone break-up by increasing cone stiffness and
damping, and reducing cone mass.

Although results of FE analyses on loudspeakers are often published, many references
to the dependence of break-up resonances on cone material properties and geometry are
incidental, rather than specific and explicit. There is little published, comprehensive
research into the dependence of standing wave frequency, shape, and amplitude on cone
material properties and thickness parameters.

Previous published numerical analyses of loudspeaker cone resonance use two-
dimensional modelling techniques, and are thus restricted to the consideration of axially
symmetric loudspeakers.
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1.3 AIM OF THESIS

The object of this thesis is to contribute to the current understanding of the nature of
loudspeaker cone break-up, and explore some specific means of controlling and
minimising its adverse effect on a loudspeaker’s sound pressure response. The
mathematical models developed and employed throughout this thesis are not intended to
completely model all aspects of the behaviour of an electrodynamic driver. Rather, the
mathematical models are limited to a consideration of the behaviour of the loudspeaker
cone itself, and are used as tools for exploring the dependence of cone break-up on
aspects of the cone’s design.

In particular, the aims of this thesis are as follows:

1. To extensively examine and summarise the resonant behaviour of a mineral-doped
polypropylene loudspeaker by using 2D and 3D FE models of the cone and
surround.

2. To use 2D FE models to explore the dependence of the frequency and magnitude of
natural cone resonant modes on the cone’s material properties and thickness
parameters.

3. To employ 3D FE models to examine the resonant behaviour of a 6Y%2-inch
polypropylene loudspeaker cone with narrow slots cut through its surface.

In the pursuit of all three objectives, the loudspeaker’s behaviour is extensively
quantified and summarised by the use of FEM and BEM results, expressed in terms of
mode shapes, cone displacement patterns, mechanical admittance, and sound pressure
response. Extensive use is made of three-dimensional plots, allowing trends in
amplitude and frequency to be readily identified.

The first objective is achieved using the novel combination of calibrated two- and three-
dimensional FE models. Using these models, the standing wave types excited in a
loudspeaker cone are classified and their shapes extracted. The effect of the
loudspeaker’s surround on the mode shapes and frequencies is systematically identified
and summarised. Only the surround used with the polypropylene loudspeakers in
question is modelled; no attempt is made to comprehensively explore the attributes and
effects of surrounds of different geometries and materials.

By varying the material properties in the 2D FE model one-by-one, the dependence of
the frequency, amplitude and shape of the resonant modes of the cone is determined.
Furthermore, the effect of changes in material properties on the magnitude and
frequency of sound pressure response ripple is calculated, both on and off the
loudspeaker’s driving axis. The effect of cone thickness and thickness profile on cone
resonance is explored and summarised.

The third objective is pursued using a full three-dimensional model of a polypropylene
loudspeaker cone. This is a novel approach, and allows the resonant behaviour of non-
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axisymmetric cone designs to be modelled. The non-axisymmetric designs of particular
interest are those where slots are cut into the cone in various configurations.

As cone break-up is well known to be due to cone standing waves, some loudspeaker
designers and manufacturers have intuitively suggested that cutting slots in the cone
would preclude the formation of standing waves. As there appears to be no existing
published research relating to this type of approach to controlling cone resonance, this
thesis examines different slot configurations and determines how cone slots affect the
resonance of the loudspeaker. Modelled results are generated and compared to measured
results for a real “slotted” loudspeaker cone.

1.4 SYNOPSIS

The thesis is presented as follows:

Firstly, the theory of operation of an electrodynamic loudspeaker is introduced in
Chapter 2 with particular reference to a 6%-inch polypropylene loudspeaker. An
electromechanical model of the loudspeaker is developed, and an outline of cone
vibration and sound radiation is given. This chapter also considers the contributing
factors that determine the sound field produced by the loudspeaker, and shows that cone
break-up is a significant cause of fluctuations in sound pressure response.

Chapter 3 gives a general overview of the techniques used to model and measure the
response of the loudspeakers. An overview of the finite element and boundary element
methods is given, and measurement and experimental techniques are summarised.

In Chapter 4, two- and three-dimensional FE models of the loudspeaker cone are
developed and calibrated against measured results for two experimental loudspeakers.
These models are subsequently used to determine the natural resonances of the
loudspeaker, and their effect on the loudspeaker’s characteristics. In particular, the
loudspeaker’s mode shapes, mechanical admittance, and sound pressure response field
are calculated.

Chapter 5 uses the calibrated 2D FE model to explore the effect of cone material
parameters and cone thickness on the frequency, shape, and magnitude of cone standing
waves. Their effect on the developed sound pressure field is also considered and
summarised.

In Chapter 6, the calibrated 3D FE model is used to explore the effects of cone slots on
the mode shapes and admittance characteristic of the loudspeaker cone. A slotted
loudspeaker cone is constructed, and its measured characteristics shown to compare
favourably with those predicted by the FE model.

In Chapter 7, the results of the research presented in the previous chapters are outlined
and summarised. Limitations of the results are discussed, and recommendations for
implementation and further research given.






CHAPTER 2

ELECTRODYNAMIC LOUDSPEAKER THEORY

2.1 OVERVIEW

This chapter introduces the design and theory of operation of the electrodynamic
loudspeaker, with particular reference to the loudspeakers modelled and measured
throughout this thesis.

The constituent components of a mid-range electrodynamic loudspeaker “driver” are
introduced and briefly described. A mathematical model of low-frequency loudspeaker
behaviour is derived and developed, initially subject to the assumption that the
loudspeaker cone vibrates as a rigid body. The model is subsequently expanded to take
into account higher frequency, non-rigid cone vibration.

Some of the common parameters and forms of notation used for describing loudspeaker
behaviour are introduced, and employed to describe the response of a typical
loudspeaker to a sinusoidal electrical input.

A qualitative introduction to cone standing waves is given, along with a description of
their effect on the measurable response of the loudspeaker.

The major contributing factors to the developed sound pressure of a loudspeaker are
identified, and the relative contribution of each of these factors to the characteristics of
the sound pressure response is explored.

11
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2.2 PHYSICAL DESIGN AND COMPONENTS

An electrodynamic loudspeaker consists of an electromotive motor system connected to
a radiating surface, which is usually a straight sided or hyperbolic cone. The motor
system is formed by a coil of fine wire (the “voice coil”) placed in a stationary magnetic
field. An alternating current is passed through the coil, providing a sinusoidal force that
vibrates the radiating surface, thereby producing a sound pressure wave.

Figure 2.1 shows an exploded view of one of the electrodynamic loudspeakers used in
this thesis.

Surround

Voice coil + former

Top keeper

Magnet

Pole piece

Bottom keeper

Figure 2.1. Exploded view of the electrodynamic loudspeaker
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The keeper/magnet/pole-piece assembly and the outer edges of the spider and surround
are attached to a die cast frame (not shown), which allows the loudspeaker to be
mounted rigidly into a cabinet.

The main components that constitute an electrodynamic loudspeaker, as shown in
Figure 2.1 are the surround, cone, voice coil, spider, and keeper/magnet/pole piece
assembly. These components are considered separately in the following sections.

2.2.1 SURROUND

The surround (sometimes called the outer suspension) attaches the outer edge of the
cone to the loudspeaker frame, as shown in Figure 2.2.

. .
. Cone Driver frame

Figure 2.2. a) Surround b) Section view of surround, driver frame, and cone edge

The function of the surround is to ensure that the movement of the cone is restricted to
the axial direction, and side to side rocking is prevented. It also provides an air seal to
prevent the passage of air from the front of the radiating surface to the rear, as well as
providing a small amount of restoring force on the centre of the cone.

A carefully selected surround can also assist in damping travelling waves on the surface
of the cone. Good mechanical impedance matching between the outer edge of the cone
and the surround results in a large percentage of travelling wave energy propagating
from the cone into the surround. As little energy is reflected back from the cone’s
outside edge, the amplitude of cone standing waves is minimised. A suitably shaped
surround constructed from a well-damped material will quickly dissipate any energy
transmitted into it.

The surround employed in these loudspeakers consists of an external half-roll (Figure
2.2b), formed from butyl rubber. A rubber rim is attached to the front surface of the
cone, which is connected to the loudspeaker frame by means of the half roll. This design
and material has good damping characteristics while allowing considerable cone
excursion at low frequency.

The surround has a significant effect on the resonant behaviour of the loudspeaker, as
shown in Section 4.5.
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2.2.2 DusTt CAP

The dust cap is a small cup of soft rubber, glued to the front surface of the loudspeaker
cone. The role of the dust cap is primarily to prevent dust and dirt entering the motor
system of the loudspeaker. It also performs a second role in preventing the passage of
air between the front and rear of the loudspeaker. The dust cap has little measurable
effect on the measured electrical characteristics of the loudspeaker, apart from slightly
raising its moving mass.

Since the dust cap forms a small part of the radiating surface of the loudspeaker, it can
have a small effect on the radiated sound pressure response, as shown by Geaves [32].
However, as discussed in Section 2.6, the non-uniform motion of the loudspeaker cone
obscures this effect.

For simplicity, all measurements of the ioudspeaker (motional impedance, sound
pressure) are made with the dust cap removed, precluding the necessity of including the
dust cap in analytical and finite element models.

2.2.3 CONE

The loudspeaker’s radiating surface is a truncated hyperbolic convex cone, vacuum-
formed from mica-doped sheet polypropylene. The outside diameter of the cones used
in this thesis is 122mm. While some loudspeakers have been manufactured with straight
sided, concave or even flat radiating surfaces, the convex cone is the preferred design
for most electrodynamic loudspeaker designers. This shape is more rigid than a
truncated straight-sided isometric cone and thus possesses natural resonances of higher
frequency.

The process of vacuum forming tends to create a cone that is thin near the apex, but
thick at the outer edge, an undesirable scenario from the point of view of resistance to
break-up, as demonstrated in Section 5.3.2. However, mica-doped polypropylene
possesses a high degree of self-damping which helps to absorb the energy of standing
waves on the surface of the cone. The doping agent also helps increase the stiffness of
the cone, and thus increase the frequency at which cone break-up begins to occur,
extending the upper limit of the loudspeaker’s useable frequency range

2.24 YoICE COoIL AND FORMER

The voice coil consists of a 100-turn coil of thin aluminium wire wound on to one end
of a Mylar or aluminium former, as shown in Figure 2.3. The two ends of the voice coil
wires are connected to a pair of lugs mounted on the driver frame. The voice coil is
arranged such that it is mounted in the middle of the magnetic field of the
keeper/magnet/pole-piece assembly when the cone is in its equilibrium position.
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Figure 2.3. Voice coil and former.

The other end of the voice coil is glued to both the cone and the spider, supplying the
driving force to the loudspeaker cone. The voice coil is often represented in electrical
equivalent circuits as a series resistor and inductor, a convention adopted in this thesis.
While this is sufficient for the purpose of broadly explaining the low-frequency resonant
behaviour of a loudspeaker, a more accurate representation demands a more
complicated equivalent circuit [33,34].

2.2.5 SPIDER

The inner suspension or “spider” has the dual function of centering the voice coil and
cone assembly in the motor system, and providing restoring force to return the cone to
its equilibrium position in the centre of the magnetic field. The spider is constructed of
epoxy impregnated polyester fabric, and is pressed into the shape of an inverted cup.
(refer Figure 2.4). The inner edge of the spider is glued to the voice coil, while the outer
edge attaches to the loudspeaker frame.

bp)
Figure 2.4. a) Spider b) Section view of spider showing cup shape of spider.

This shape is designed to provide a linear restoring force to the cone/voice coil
assembly, while allowing considerable cone excursion. The spider’s restoring function
is quantified in terms of its mechanical compliance Cgizer (the inverse of the spring
constant Kspider).

The spider possesses its own resonant frequencies, which can be excited by the voice
coil, and cause measurable fluctuations in the electrical impedance of the loudspeaker
(refer Section 4.3.3). However, it is usual to consider the spider as a simple spring, and
account for its effects by post-processing the results of a mathematical model of the
loudspeaker cone. Since the spider is mounted behind the loudspeaker cone, any
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radiation from the spider can be neglected.
2.2.6 KEEPERS, MAGNET AND POLE PIECE

The remaining components of the driver create, as nearly as possible, a constant
magnetic field between the top former and the pole piece. The top plate forms one pole
of the magnet, while the pole piece forms the other pole.

a) b)

Figure 2.5. Keeper/magnet/pole-piece assembly. a) Assembled view b) Cross section

The voice coil is larger than the length of the top keeper, so unless the voice coil
excursion is excessively high, the length of voice coil in the magnetic field remains
constant. Large magnitude AC currents can cause the coil to travel out of the magnetic
field, giving rise to a non-linear displacement response and harmonic distortion. By
assuming the excursion of the cone is kept low enough such that the voice coil is at all
times entirely within the magnetic field, these effects can be ignored.

B denotes the magnetic flux density, while the length of wire in the magnetic field is
denoted by £. As the force produced by the motor is given (in scalar notation, assuming
B is perpendicular to I) by F = B{I, we adopt the convention of expressing the total
motor strength in terms of the product B¢ .
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2.3 ELECTRICAL AND MECHANICAL BEHAVIOUR

In this section, the differential equations governing rigid-body loudspeaker motion are
introduced and discussed, allowing the loudspeaker to be described by a simple linear
system block diagram, and an electrical equivalent circuit.

All measured results and mathematical models considered in this thesis are for a
loudspeaker vibrating in a vacuum or radiating into free space. Thus, the models
developed in this section concern the behaviour of the loudspeaker driver itself; the
well-known effects of loudspeaker cabinets on the low frequency behaviour of the
loudspeakers [35, 36] are not considered.

2.3.1 THE ELECTRODYNAMIC LOUDSPEAKER AS A LINEAR SYSTEM

When a voltage V is applied to the voice coil, a current I flows through the series
resistor and inductor formed by the coil, according to Ohm’s Law. This current results in
a force F being applied to the cone according to F = B¢l . Any motion of the cone is
opposed by the spring restoring force provided by the “spider” and outer suspension. A
mechanical resistance, that is, a damping force proportional to cone velocity, also
opposes motion. Finally, movement of the coil in the magnetic field also generates a
back-emf, &€ = Blv, reducing the net current experienced by the voice coil.

If the loudspeaker is initially assumed to vibrate as a rigid body, the individual mass,
compliance and mechanical resistance contributions of the cone, voice coil, spider and
surround can be represented as lumped parameters M., Cin and Ry The electro-
mechanical process can then be described mathematically by writing the differential
equations:

V—B£%=IR cr, 4 @.1)

coil col d t

du du u
tot ?-*-RIOIE-I- C

tot

F=Bll=M

22)

where:

V = Applied voltage (V)

B¢ Electromagnetic coupling factor (magnetic field X length of coil wire) (T.m)
u = Displacement of piston-like cone (m)

R = Resistance of coil ()

L., = Inductance of coil (H)

M,,; = Total moving mass of loudspeaker (kg)

R,x = Total mechanical resistance of speaker (N.s/m)

Ciwr = Total mechanical compliance of spider + surround (m/N)
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Taking the Laplace transforms of equations (2.1) and (2.2) gives:
V(s)-BtsU(s)= (R, +L_,5)(s) 2.3)

F(s)=BU(s) = [Mm,s2 +R,,s+ cl }J(s) 2.4)

tot

These equations can be combined graphically to give an overall system diagram for the
electrodynamic loudspeaker, with voltage as input, and displacement as output:

1 I(s) Fis)|—_ 1
vs) C L,s+R, ~ Bt > M5 +R,s % > )

Block 1 Block IT Block IIT

a

sBf¢

Block IV

Figure 2.6. Block diagram of Electrodynamic loudspeaker system.

Block I of Figure 2.6 represents the transformation between voltage and current
performed by the electrical admittance of the voice coil. This current is multiplied by
the coupling factor (Block II) of the voice coil/magnet system to produce a force
according to F = BI{.

Block III represents the transformation of the voice coil force into the displacement of
the voice coil and the cone, spider and suspension. Finally, Block IV represents the
back-emf generated by the motor system of the loudspeaker. The net voltage across the
voice coil is the applied voltage less the back-emf generated by voice coil motion.
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2.3.2 AN ELECTRICAL EQUIVALENT CIRCUIT

It is common to describe the behaviour of the electrodynamic loudspeaker system of
Figure 2.6 by means of an electromechanical equivalent circuit [3, Ch.3], whereby the
mechanical properties of the loudspeaker system are represented by electrical
components.

The use of electrical circuits to represent mechanical systems is justified upon
comparison of the differential relationships governing the behaviour of electrical
circuits and mechanical systems. In particular, the current equation for a parallel LCR
resonant circuit and the equation of motion for a spring-mass-damper system can be
written as:

av v 1

I=C—+—+—
d R L

dv 1
w T Rtotv +
dt Co

Ith (2.5) F=M det (2.6)

Comparison of these two equations suggests that a parallel LCR circuit can be used to
describe a simple spring-mass-damper system. Specifically, Equations 2.5 and 2.6 imply
that in such an equivalent circuit, force is equivalent to current, velocity to voltage,
mass to capacitance, mechanical admittance to electrical resistance, and mechanical
compliance to inductance. This form of electrical equivalent circuit is known as a
mobility-type circuit.

A convenient form of mobility-type circuit is the transformer circuit shown in Figure
2.7. The equivalent circuit of Figure 2.7 consists of a primary and secondary electrical
circuit coupled by an ideal transformer (zero primary and secondary coil impedance).

I .7 F .
Bl.] Ag:aal

- 1

Vv .. .
axial  wempe— " cojl spider R

tot

v

Figure 2.7. Mobility-type electrical equivalent circuit of loudspeaker.

The primary side of the circuit is used to represent the electrical properties of the voice
coil, depicted here as a series resistance and inductance. An “ideal” transformer, of turns
ratio B{:1, represents the transformation between current in the voice coil and
mechanical force on the loudspeaker cone. Thus, current in the primary circuit is
transformed to force in the secondary circuit according to F = BI£. Further, voltage in
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the primary circuit is converted to velocity in the secondary circuit and is denoted by

Vaxial-

The three lumped parameters describing the mechanical characteristics of the spring-
mass-damper system formed by the total cone/voice-coil/spider/surround appear in the
secondary circuit of the transformer as a parallel LCR resonant circuit. Thus, the driving
force, represented as a current, is distributed amongst the mechanical impedances of the
secondary resistance, inductance and capacitance, according to Newton’s second law.

Since the velocity of the cone generates a back-emf in the primary circuit according to
€ =Blv, the mechanical vibration of the loudspeaker cone affects the electrical
properties of the loudspeaker.

This electrical equivalent circuit provides a valid description of the behaviour of the
loudspeaker for low frequencies when the cone vibrates as a rigid body; at higher
frequencies, this model requires modifications, as discussed in Section 2.3.5

233 CoIL, MOTIONAL, AND TOTAL IMPEDANCE

The total electrical impedance experienced by the driving voltage in the
electromechanical equivalent circuit of Figure 2.7 is comprised of the sum of the
primary and effective-secondary impedances. Since the primary circuit represents the
electrical properties of the voice coil, the primary impedance is denoted as Z,;. The
secondary circuit represents the mechanical properties of the loudspeaker that govern
the motion of the cone, and its contribution to the total electrical load is denoted Z,,,,
the motional impedance.

The motional impedance arises in the primary circuit due to the back-emf induced by
motion of the voice coil in the magnetic field. Thus, Z,,, is the component of the total
electrical impedance that reflects the mechanical behaviour of the loudspeaker.

The total electrical impedance of the loudspeaker can then be written:

Z tot = Z coil + Z mot (2-7)
with:
Z coil = Rcoil + J choil (28)

(BeY

Rlot + jaMtot +%afl

ot

2.9)

mot

Substituting equations 2.8 and 2.9 into 2.7 allows the total electrical impedance of a
loudspeaker to be written as:
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(Be)
R:or + ] aer + %atm

Consider, for example, a loudspeaker with the following parameters:

th= Rw“+jaJL o

coil

(2.10)

Reoir: 7 Mo 10 4
Leait: 0.3 mH Col 0.002 m/N
B¢ 6.2 T.m Rioe: 1 Ns/m

Table 1.1 Example values of rigid-body loudspeaker parameters

The following electrical, motional and total impedance characteristics for this
loudspeaker can be calculated from equations 2.8, 2.9, 2.10:

1000 T !
------ Electrical impedance (Z ;.. )
Motional impedance (Z,,,)
100 Total impedance (Z,,,) _—
a
210 ~ =
8 R P Wiy —
5 o
B " Ju
<% Free aif" resonanc¢e
E 1 \\
0.1 ~J
0.01 \‘

10 100 1000 10000 100000
Frequency (Hz)

Figure 2.8. Electrical, motional, and total impedances of example loudspeaker.

Figure 2.8 shows that at low frequency the motional impedance dominates the total
electrical impedance. The motional impedance, formed by the spring-mass-damper
system has the characteristic impedance curve of a first order LCR bandpass filter, with

1

fosrTTT/—— (2.11)
2” CKOIMtOR

This frequency, known as the “free air resonance”, decreases with increasing total mass
and/or compliance, and in this example is approximately 36Hz. The “sharpness” of the

motional and total impedance responses near the free air resonance is described by the
Q factor:



22 Chapter 2: Electrodynamic Loudspeaker Theory

M tot
R

tot

Q =2nf, (2.12)

Systems with higher mechanical resistance possess a lower Q and exhibit a broader
peak near free air resonance. Conversely, a system with low mechanical resistance
possesses a more undamped free-air-resonance, and thus a higher Q, resulting in a
pronounced peak at fj.

Above fp, the total electrical impedance begins to be dominated by the electrical
impedance of the voice coil. The voice coil can be modelled as an electrical first-order
low-pass filter of cut-off frequency:

M (2.13)
2nL

‘coil

fo=

Accordingly, above the cut-off frequency of the voice coil (=3700Hz in this example)
the total electrical impedance of the loudspeaker increases at a rate of 20 dB/decade.
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2.34 FREQUENCY DEPENDENCE OF CONE VELOCITY

The total mechanical admittance (¥Yiomecn)) of a uniformly vibrating body is defined as
the body’s velocity per unit of applied force:

Yiou(mech) =%p (2.14)

The total mechanical admittance of a uniformly vibrating loudspeaker can be described
by manipulating equation 2.6 to give:

Y tot(mech) — va;al = - ! 2.15)
R, +joM,, +% oC,,
Comparing equation 2.15 with equation 2.9, it follows that:
Z e = (BEY Y 2.16)

Thus, the motional impedance of a loudspeaker, (measured in electrical ohms), is
directly proportional to its mechanical admittance. It also follows that the motional
impedance is directly proportional to vais, the axial velocity of the loudspeaker cone,
when a constant magnitude driving force is applied.

Accordingly, a measurement of the motional impedance of a loudspeaker gives a direct
indication of the velocity of the voice coil as a function of driving frequency. As Vayy is
directly proportional to Y;smecn), Which in turn is directly proportional to Zy,,, it follows
that the axial velocity of a loudspeaker with a perfectly rigid cone driven by a frequency
independent force follows the shape of the Yi,ymecn) characteristic described by equation
2.15, as shown in Figure 2.9.
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0.01

1 10 100 1000

Frequency (Hz)

Figure 2.9. Y,,ymecn) characteristic for example speaker
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For frequencies less than fp, equation 2.15 is dominated by the compliance term, and
thus:

Y iimecy = JOC,, @2.17)

Under constant current driving conditions, the axial velocity rises proportionally with
frequency. In this frequency range, the motion of the loudspeaker is said to be stiffness
controlled.

At frequencies close to the free air resonance, the behaviour of the loudspeaker is
dominated by the resistance term, the axial velocity reaching its peak at free air
resonance. At the free air resonance, the mass and compliance terms cancel.

When f > fp, the mass term dominates the Yo mecr) response, and:

1
) A
tot(mech) j aM

tot

(2.18)

Thus, above free air resonance, the axial velocity decreases proportionally with
frequency. The cone motion is then said to be mass controlled, and the cone velocity,
being proportional to Y.y mech), decreases with increasing frequency.

When modelling loudspeakers, it is common to assume that the loudspeaker’s voice coil
is driven by a constant amplitude current, resulting in a frequency independent voice
coil force that can be simply modelled.

However, under usual listening conditions, loudspeakers are driven with amplifiers
which (neglecting the output impedance of the amplifier) provide a constant voltage
rather than constant current output. This results in the axial force experienced by the
speaker cone varying with frequency, reaching a local minimum at fp, and a maximum
above fp, but below f;, as shown in Figure 2.10.

10
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Figure 2.10. Voice coil force for a loudspeaker driven from a constant voltage source.
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Consequently, although cone velocity is at its maximum at f;, for both constant voltage
and constant current situations, the velocity response for constant voltage driving
conditions exhibits a far broader and less pronounced peak near free air resonance, as
shown below:

10

1
Constant current
| e S —— —— Constant velocity

RS e o
.g\ \
8 o001
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Figure 2.11. Cone velocity as a function of frequency when driven by a) constant current amplifier
b) constant voltage amplifier.

Figure 2.11 demonstrates that the cone velocity decreases at a greater rate at high
frequency when the constant voltage amplifier experiences the greater load of the
loudspeaker due to the rising inductive impedance of the voice coil. Thus, in the region
of particular interest from 1kHz to 20kHz, the constant force/constant current
assumption results in a somewhat higher velocity than would be expected under more
usual constant voltage conditions. Correspondingly, a loudspeaker’s measured sound
pressure response has a greater magnitude in this range when the loudspeaker is driven
with a constant current amplifier.

If the sound radiation response of a loudspeaker is to be modelled precisely, the
variation of voice coil force with frequency (Figure 2.10) must be carefully taken into
account. This is commonly achieved by post-processing the displacement results from a
constant-force driven FE model [30,37].

However, for simplicity, all calculations and measurements of sound pressure presented
in this thesis are made using constant force/current conditions, an approach adopted by
Frankfort [6] and Shindo [28], among others. Adopting this simplification reduces the
overall processing time, but requires the use of a constant-current amplifier when
making loudspeaker sound pressure measurements. As the sound pressure response is
measured and modelled under the same constant force conditions, a good match
between measured and modelled results is achieved.
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2.3.5 NON-UNIFORM CONE MOTION

The preceding discussion was based upon the assumption that the loudspeaker’s
mechanical behaviour can be modelled by a simple driven spring-mass-damper system.
At high frequency, this is not the case, and the motional impedance characteristic is
more complicated than the simplified “bandpass” model presented in Figure 2.7.

A real loudspeaker cone is not perfectly rigid, but possesses its own natural resonant
frequencies. As cone break-up occurs (f > 1-2 kHz), and the diaphragm begins to flex
(as natural frequencies of the cone are excited), modulations in the magnitude of the
motional impedance appear. This necessitates the modification of the electromechanical
equivalent circuit as follows:

coil spider R

Figure 2.12. Equivalent circuit of a speaker "breaking up"

where:

M, ,; =Mass of voice coil + spider + surround
Cspider = Compliance of spider + surround

Rgpider = Mechanical resistance of spider + surround
Yuia = Axial admittance of cone (v/F)

The mechanical properties of the voice coil, spider, and surround are now described
separately to those of the loudspeaker cone itself, which is represented here by its axial
admittance, Y,.q. The axial admittance of the loudspeaker is defined as the axial
velocity of the centre of the cone (where the voice coil is attached) per unit force
applied in the axial direction. Although the velocity distribution across the cone is no
longer uniform, the movement of the centre of the cone determines the axial admittance
of the loudspeaker, and thus the total electrical impedance experienced by the driving
voltage.

Y.ia is dependent on the resonant behaviour of the loudspeaker cone itself, which
cannot be described by a simple analytical formula, but must be calculated numerically.
Yuiar is dependent on the cone material properties (mass density p, Young’s modulus E,
Poisson’s ratio V), and the geometry (shape, size etc) of the loudspeaker cone. The
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material properties and geometry of the cone are used to calculate ¥ g numerically,
using the Finite Element (FE) method, as discussed in Chapter 3. However, at low

frequency, the cone behaves as a rigid body, and its behaviour can be defined by its total
mass Mcone.

The total electrical impedance of the loudspeaker is now written:

. BY¢
Zy =Ry tjod,,+ Y _(I_ ) " 2.19)
spider J coil % aﬂspider }{,ax:al
The motional impedance of a loudspeaker with a breaking up cone is given by:
_ (Be)
R oM+ + @20
spider J coil % afspider %axial

The total admittance is given by:

Y = @21)

1
R e, tjaM ,+ 7. +
spider J coil % oC spider % axial

At low frequency, the motional impedance response follows the same trend as for a
rigid cone. However, once cone break-up begins to occur, the Y,y term begins to
dominate equation 2.20, and the motional impedance response begins to deviate from
the rigid-cone approximation. The effect of the natural frequencies of the loudspeaker
cone on a typical Z,,, response is shown in Figure 2.13:
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Figure 2.13. Motional impedance of: rigid cone; cone undergoing break-up.
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The natural resonances of the loudspeaker cone have a considerable affect on the axial
admittance of the loudspeaker, and consequently on its motional impedance. The nature
of these resonances is explained qualitatively in Section 2.4, and quantitatively for a
specific loudspeaker in Section 4.4.

The ratio M one:Mcoi has a large influence on the magnitude and frequency of the
resonant features in the Z,, response. If the mass of the voice coil is large in
comparison to that of the cone, the increase in motional impedance caused by the voice
coil mass will diminish the resonant features in the Z,, response. This effect can be
seen in Figure 2.14 where the total admittance response is plotted as a function of voice
coil mass.

The upper plot of Figure 2.14 is a 3D view of the change in the Y, response as the
voice-coil mass is increased. The vertical axis is the |Y,J, the horizontal axis is the
driving frequency, and the Y-axis (out of the page) is the mass of the voice coil in kg.
The cone used in this loudspeaker has a mass of approximately 6.5g, so a voice coil
mass of 25g approximates to 4Mcop..

The lower plot of Figure 2.14 is a birds-eye view of the upper plot, in order to clearly
show the change in frequency of the resonances of the cone with increasing coil mass.

Mcoi? R s :
(kg) 001 8
0.015

0.02 =

0.025
Figure 2.14. 3D plot of Y, as M.,y is varied from 0 — = 4M,,,. (25g)
Figure 2.14 indicates that increasing the voice coil mass has the effect of diminishing

the magnitude and frequency of the natural resonances of the cone. Also, fp, the
loudsppaker efficiency, and the loudspeaker bandwidth are decreased by a reduction in
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M one: Mo, as discussed in Section 2.5.4.

24 LOUDSPEAKER CONE RESONANCE

If a perfectly rigid loudspeaker cone were excited by a frequency independent force, the
displacement and velocity of the cone would be constant across its entire surface, with
velocity inversely proportional to driving frequency (for f > f;). Thus, the displacement
of the outer edge of the cone would always have the same amplitude and phase as the
inner edge, the energy applied at the inner edge being effectively instantaneously
distributed over the entire surface of the cone (refer Figure 2.15.)

TFaxial

Figure 2.15. Edge cross section of axially driven cone

This idealisation of piston-like motion is true for very low driving frequencies, but as
the driving frequency is increased, the inertia of the outer parts of the cone begins to
overcome the stiffness of the cone material. Once the cone begins to flex, cone motion
is far from uniform, and standing waves begin to form.

24.1 FORMATION OF STANDING WAVES:

Any real object possesses its own resonant frequencies, which are related to the physical
dimensions of the object and the properties of the materials from which the object is
constructed. In a real loudspeaker system, the axial driving force provided by the voice
coil can excite the natural resonances of the loudspeaker cone itself, forming standing
waves in the cone and measurably affecting both the motional impedance and sound
radiation of the loudspeaker. Such natural resonances are a direct consequence of the
finite propagation time for waves and wave energy in the loudspeaker cone.

At low driving frequencies, the real loudspeaker cone moves approximately as a rigid
body with piston-like motion, all parts of the loudspeaker cone moving in phase with
each other. Although the energy applied at the centre of the cone radiates outwards in
the form of a mechanical wave and takes a non-zero amount of time to reach the outer
edge of the cone, the time delay between inner and outer edge movement is insignificant
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in comparison with the period of the driving force.

As the wave propagates through the structure, the energy contained in the wave
diminishes at a rate dependent on the self-damping properties of the cone material.
Unless the outer edge of the cone is perfectly terminated with a surround of mechanical
impedance exactly equal to that of the cone itself, a certain amount of energy will be
reflected back from the outer edge towards the centre of the cone.

As the driving frequency increases, the propagation time for energy to travel up the
meridian of the cone becomes significant, and the outer edge of the cone begins to
exhibit significant phase lag with respect to the inner edge. Eventually a frequency is
reached at which the energy reflected from the outer edge of the cone arrives back at the
centre of the cone 180° out of phase with the driving force, forming a standing wave
with minimum cone displacement at the inner edge. Such a frequency is known as an
antiresonant frequency, and is marked by a local minimum in the Vagia, Yaxiat, OT Zmot
responses. At antiresonant frequencies, an odd number of quarter wavelengths fit along
the cone meridian.

There are other frequencies at which the reflected wave will arrive back at the cone
centre in phase with the driving force, forming a resonant mode. Resonant modes occur
when an integral number of half wavelengths fits along the cone meridian and are
identified as occurring when the vaial, Yaxial, OF Zm, responses reach a local maximum.

Third antiresonance Third resonance
F axi F axi

Figure 2.16. Mode shape of a) third antiresonance b) third resonance.

For example, Figure 2.16 shows an edge profile view of the third bending antiresonance
and resonance of an axially driven loudspeaker cone.
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24.2 TYPES OF STANDING WAVE

As the standing waves described in Section 2.4.1 are set up between the inner and outer
edges of a homogeneous axially symmetric loudspeaker cone, they display rotational
symmetry about the central axis of the loudspeaker. Consequently, they are known as
axisymmetric or concentric modes, and are the most important7 standing wave type in a
loudspeaker cone. Their nodal and antinodal lines form around the centre of the
loudspeaker in the radial, or azimuthal direction (refer Figure 2.17).

Nodal lines

Figure 2.17. “Axisymmetric” or “concentric” modes.

Other standing waves can be set up as multiples of wavelengths fit around the outer
edge of the loudspeaker cone. Such modes form nodal lines running in a meridional
direction, (from inner to outer edge), and are known as “bell”, “radial” or “asymmetric”
modes (refer Figure 2.18).

Nodal lines

Figure 2.18. “Asymmetric” or “radial” modes.

Since the bending stiffness of a loudspeaker cone in the azimuthal direction is far less
than that in the radial direction, asymmetric modes tend to occur at much lower
frequencies than axisymmetric modes. Typically, the lowest order asymmetric modes of
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a 12cm diameter loudspeaker occur at frequencies of between 100-500Hz. At these
frequencies, the wavelength in air is far greater than the bending wavelength of the
waves on the cone, and thus the waves are said to be “acoustically short-circuited”,
radiating very little sound power. Standing waves of the radial type are not usually
excited in axially symmetric cones that are subject to purely axial driving forces and
symmetric boundary conditions.

Torsional or twisting modes about the central axis of the loudspeaker also exist, but
again are not normally excited by the driving force of the voice coil. In any case, these
modes would radiate little or no sound radiation, as cone motion would be largely in the
azimuthal direction, with little transverse component.

Non axisymmetric cones, such as those considered in Chapter 6, and cones subject to
slightly off-axis driving forces can sometimes exhibit a combination of asymmetric
bending and torsional wave motion. In some cases, the bending wavelength of the
waves on the cone can be considerably greater than the wavelength of the waves in air,
in which case these modes can create significant sound radiation.

The axisymmetric and asymmetric standing waves considered thus far are of the
bending type, where the displacement energy of the cone is primarily transverse. At
high frequency, the voice coil force can also excite longitudinal wave motion, where the
displacement of parts of the cone is primarily in the meridional direction. As the
velocity of longitudinal waves is much higher than that for bending waves, longitudinal
standing waves occur at much higher frequencies (>10kHz) than bending standing
waves. As the transverse motion of the cone is minimal, little sound radiation occurs at
these frequencies.
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2.5 SOUND PRESSURE RESPONSE

The sound pressure level developed by the electrodynamic loudspeaker is primarily
determined by the velocity distribution across the area of the radiating surface, the shape
of the radiating surface and the characteristics of the baffle or cabinet in which the
radiating surface is enclosed.

The loudspeaker cabinet has an important but well-understood effect on the radiated
sound pressure response at low frequency [35]. Diffraction effects around the edges of
the loudspeaker cabinet are also known to affect the radiated sound pressure at higher
frequencies [25, p301, 26, p101]. The consideration of these effects is outside the scope
of this thesis; for simplicity the loudspeakers are assumed to be infinitely baffled, and to
radiate into an unbounded volume.

In this section, the sound pressure response generated by a rigid flat plate, a rigid cone,
and a cone undergoing break-up are determined and compared. This allows the relative
contributions of the shape of the radiating surface and the surface velocity distribution
to overall sound pressure to be determined. The mathematical technique that allows the
calculation of the sound pressure response of loudspeakers is outlined in Chapter 3.

2.5.1 THE RIGID PLATE RADIATOR

A completely rigid radiating surface has a constant velocity response across its surface,
as all areas of the surface move with equal displacement and equal phase. Consider a
perfectly rigid flat plate of radius R, set in axial motion by a frequency independent
axial force. The force is supplied by a motor system with a voice coil of negligible
mass.
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Figure 2.19. The rigid plate radiator

For frequencies above the free air resonance of the loudspeaker, the velocity of the plate
decreases with increasing frequency. Assuming the plate radiates into free space, the
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