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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 6½-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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CHAPIERl 

INIRODUCTION 

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 loudspeaker1 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. 

1 A detailed explanation of the theory and working principles of the electrodynamic loudspeaker is given 
in Chapter 2. 

1 
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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". 

Cone2 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 surf ace 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. 
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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 

cone3• 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 

3 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 surf ace 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 giye 
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 6½-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 6½-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. 
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RT ,RCIRODYNAMIC 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 surf ace, thereby producing a sound pressure wave. 

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

this thesis. 

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 surf ace 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. 



14 Chapter 2: Electrodynamic Loudspeaker Theory 

2.2.2 OUST 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 loudspeaker (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 surf ace 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 

2.2.4 VOICE COIL AND FORMER 

The voice coil consists of a 100-tum 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. 

b),) 

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 Cspider (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 l. As the force produced by the motor is given (in scalar notation, assuming 

B is perpendicular to I) by F = Bf.I , we adopt the convention of expressing the total 
motor strength in terms of the product Bl . 
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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 = Bf.I . 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, 8 = 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 M10,, C10,, and R101• The electro
mechanical process can then be described mathematically by writing the differential 
equations: 

du di 
V-Bl-=IRcoil +Lcoil -

dt dt 
(2.1) 

d 2u du u 
F = Bl/ = M tot -2-+ R,o, - +--

dt dt C,01 

(2.2) 

where: 

V = 
Bl = 
u = 
Rcoil = 
Lcoil = 
M,01 = 
R,o, = 
C,01 = 

Applied voltage (V) 
Electromagnetic coupling factor (magnetic field x length of coil wire) (T.m) 

Displacement of piston-like cone (m) 
Resistance of coil (Q) 

Inductance of coil (H) 
Total moving mass of loudspeaker (kg) 
Total mechanical resistance of speaker (N .s/m) 
Total mechanical compliance of spider + surround (m/N) 
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Talcing the Laplace transforms of equations (2.1) and (2.2) gives: 

V(s)-Bl.sU(s) = (Rcoil + Lcoas )I(s) 

F(s) = Bf.I(s) = (M1o1s 2 + R,0,s +-1-\T(s) 
c,01 r 

(2.3) 

(2.4) 

These equations can be combined graphically to give an overall system diagram for the 

electrodynamic loudspealcer, with voltage as input, and displacement as output: 

1 l(s) F(s) 1 

V(s) Bf 1 U(s) 
4oiP + R,;oil M"'/+R,,,1+-c,,,, 

Block/ Block// Block III 

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 = BU . 

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 loudspealcer. 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: 

dV V 1 J l=C-+-+- Vdt 
dt R L (2.5) 

dv 1 J F =M,0 ,-+R1o,v+- vdt 
dt C,0 , 

(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 

M ·1 COi 

1 

R tot 

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 Bl : 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 = BU . 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 
E. = 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 

2.3.3 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 Zcoil• 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 Zmo,, 
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, Zmo, 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: 

ztot = zcoil + zmot (2.7) 

with: 

(2.8) 

Z = (BR} 
mot 'I) "oM Ii 

i~ot + J tot+ ·oe 
J tot 

(2.9) 

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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_ . (Bl)1 
Ztot - Rcoil + J ml.,coil + X 

R,o, + joM/1), + •oe 
j /DI 

(2.10) 

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

•tt,~-P-•-~--,r!"'!";"'"?'-~-- •-".,"•~-•••-•••Jr,._. __ ""~~--. • ~ • • ~ • • •~ - ~ "I 

it~¾i,qi~l)J!!'.:t ~.~-f:19~(£: 1\')J};t!•n1)J.::iil1J- . \'.?.uJtf: ; 
tf.:h'-ll'!o::.."z. ..... '...< •• -......1,_____.~ .. .:_--_...,____,....._~~--_.,,.._._, , ~ J~ ••• ~:.,. • 

Rcoil: 1 n M,o,: 10 g 

Lcoil: 0.3mH C,o,: 0.002 m/N 

Bl: 6.2T.m R,o,: 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 --.----------.------..,.....--------,--------, 
• • • • • • Electrical impedance (Z elec) 

--- Motional impedance (Z mot) 
100 -+-----+------+--- Total impedance (Z101 ) 

100 1000 
Frequency (Hz) 

10000 

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

100000 

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 
fo =-,=== 

2,c ✓ CIOIM IOI 

(2.11) 

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: 
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Q = 27ifo M tot 

Rtot 

Chapter 2: Electrodynamic Loudspeaker Theory 

(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/a. 

Above Jo, 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: 

(2.13) 

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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2.3.4 FREQUENCY DEPENDENCE OF CONE VELOCITY 

The total mechanical admittance (Yrot(=ch)) of a uniformly vibrating body is defined as 

the body's velocity per unit of applied force: 

Ytot(=ch) = '½, (2.14) 

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

y - Viu:ial - 1 
tot(=ch) - F- R X 

tot+ jmM.tot + "OX: 
J tot 

(2.15) 

Comparing equation 2.15 with equation 2.9, it follows that: 

(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 Vaxiab 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 Vaxial is 

directly proportional to Y,ot(=ch), which in turn is directly proportional to Zmor, 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 Yrot(=chJ characteristic described by equation 

2.15, as shown in Figure 2.9. 

100 ~-------~--------~-------~ 

"Free air r sonance" 

Stiffness control Resistance control Mass control 

O.Ql +----------+--------+-----------1 

1 10 
Frequency (Hz) 

Figure 2.9. Y,ol(mechJ characteristic for example speaker 

100 1000 
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For frequencies less than Jo, equation 2.15 is dominated by the compliance term, and 
thus: 

Y,ot(mech) ::::: j OJCtot (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. 

WhenJ> Jo, the mass term dominates the Y,ot(mechJ response, and: 

1 
Y,ot(mech) ::::: • oM 

J 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,ot(mechJ, 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 Jo, and a maximum 
above Jo, but below Jc, as shown in Figure 2.10. 

10 -r-----,----,--------,-----,---.---------, 

0 

~ 
Jl.. 0.1 +--------------+-------!---+----~---

0.01 +------------------------------1 
10 100 1000 

Frequency (Hz) 
10000 

Figure 2.10. Voice coil force for a loudspeaker driven from a constant voltage source. 

100000 
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Consequently, although cone velocity is at its maximum at/0, 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 .---------.-------r------~-------, 
---Constant current 

1 -r----,,,-..._.----r------+--- · · · · · · Constant velocity 

I 0.1 :t>. -~==,.,_.._~=""--=:----+-----~------I 

~ 
'g 0.01 +------t--------f~-.:::-------+-------------1 

~ 
0.001 -t---------t-------+----~....,.....+-"".......,:-------i 

··· .... 
0.0001 -t---------+------+---------+--.....:.O.,----... .. .. 

----0.00001 +-------+-------+--------+--------=----i 
10 100 1000 

Frequency (Hz) 
10000 100000 

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 lkHz 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: 

I 

R ·1 COi 

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

where: 

Mcoil = Mass of voice coil + spider + surround 
Cspidu = Compliance of spider + surround 
Rspider = Mechanical resistance of spider + surround 
Y axial = Axial admittance of cone ( v/F) 

1 

Rspider 
Yaxial 

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 axial• 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 axial 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. 
Y axial 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 Y axial 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 M,one• 

The total electrical impedance of the loudspeaker is now written: 

_ . (Bff 
z,ot - R,oil + J o:L,oil + X ½ 

Rspider + joMcoil + 'OX: . + y . 
J spider axial 

(2.19) 

The motional impedance of a loudspeaker with a breaking up cone is given by: 

z = (BR.)2 
mot Rspider + j oM coil + Vo£ . + tf . 

/ j spider / Y axwl 

(2.20) 

The total admittance is given by: 

Y,o,= X ½ 
Rspider + joMcoil + 'OX: . + y . 

J spider axwl 

1 
(2.21) 

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 axial 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 Zmo, response is shown in Figure 2.13: 

100~--------,,------.....,......--------,------~ 

"Free air resonance" 

• • • • • • Rigid cone 

---Breaking-up cone 

.. ·• . .. ... .. .. .. .. 
0.01 ----------------------------1 

100 1000 
Frequency (Hz) 

10000 

Figure 2.13. Motional impedance of: rigid cone; cone undergoing break-up. 

100000 
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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 Mcone:Mcoil has a large influence on the magnitude and frequency of the 
resonant features in the Zmor 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 Zmot 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 Ytot response as the 
voice-coil mass is increased. The vertical axis is the IYrorl, 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 25 g approximates to 4Mcone• 

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. 
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Mcoil 

(kg) 
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Figure 2.14. 3D plot of Y,0 ,a1 as Mcoil is varied from O ➔ = 4Mcone (25g) 
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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, / 0, the 

loudspeaker efficiency, and the loudspeaker bandwidth are decreased by a reduction in 



29 

Mcoru:Mcoil, as discussed in Section 2.5.4. 

2.4 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 0). 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.) 

····t .. ~··· ...... 
... ·•·:f I I i .. ... ,~I I 

... -~--~,--~, I I 
~-

.... ,···, I I 

·• I 4-·· 1 . 

I 

t Fax;aJ 

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. 

2.4.1 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 Vaxial, Ya.rial, or Zmor 
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 Vaxial, Y axial, or Zmor responses reach a local maximum. 

··•·•·······•··•··•···· 

t Fax;ai 
Third antiresonance 

·······• .,···· ····· 
... ·· .. .. .. .. .. .. .. .. ., . .. ... .. 

{ 

Third resonance 

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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2.4.2 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 important? 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). 

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). 

Figure 2.18. "Asymmetric" or "radial" modes. 
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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 (> IOkHz) 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 surf ace and the characteristics of the baffle or cabinet in which the 
radiating surf ace 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, plOl]. 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.l 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 Rp 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. 

____.. ____.. ...... -- ---------_;:.-.--~ 
.............. .. . ...-.. --· Driving axis ► , I 
____.. 
____.. 
____.. 

Figure 2.19. The rigid plate radiator 

....... op 

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 
sound pressure at point P, (distance r from the centre of the plate, angle <P from the 

driving axis) can be calculated using the mathematical process summarised in Section 
3.2. 
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It is convenient to examine the magnitude of the sound pressure radiated by the rigid 
plate by means of a 3D polar frequency response plot, as in Figure 2.20. Figure 2.20 
shows the polar frequency response plot of a vibrating flat plate (Rp = 0.0605m) 
determined at a distance of r=lOm over the frequency range 0-20kHz. The sound 
pressure scale is referred to the pressure generated by the rigid plate for ~0,.f=20kHz. 

Figure 2.20. 3D Polar frequency sound pressure response of rigid plate radiator. 

Figure 2.20 shows that the on-axis frequency response ( ~0) of an axially vibrating 

rigid flat plate is frequency independent. At low frequencies, where the wavelength of 
sound is greater than the diameter of the piston, the sound radiation is approximately 
spherical with only a slight decrease in sound pressure for large values of </J. 

At higher frequencies, the sound wavelength decreases until it becomes comparable to 
the diameter of the radiating surface. At these frequencies, the wavefronts emitted from 
different areas of the radiating surface arrive at the measurement point (off-axis) with a 
significant phase difference. Consequently, at higher frequencies the sound pressure 
respons~ is more directional and focussed, to the extent that at 20kHz the sound 
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pressure decreases by 20dB as </J approaches ± 10°. A number of pressure dips and peaks 
also are evident as side-lobes form around the semicircle of radius 10m. 

In summary, a rigid-plate radiator produces a desirably smooth on-axis sound pressure 
response across the entire frequency spectrum, but "beams" at high frequency. 

2.5.2 THE RIGID CONE RADIATOR 

Plane radiators such as the rigid plate considered in the previous section are rare, and 
are far from rigid. Usually the radiating surface of an electrodynamic loudspeaker 
consists of a straight sided or hyperbolic cone, as in Figure 2.21: 

Driving axis 
► 

Figure 2.21. The rigid cone radiator 

Assuming the radiating surface maintains perfect rigidity, the surface velocity is 
constant, as it was for the rigid plate. However, the shape of the radiating surface has a 
considerable effect on the polar frequency response of the system, particularly on-axis, 
as shown in Figure 2.22. 

Figure 2.22 reveals that the on-axis sound pressure response of the rigid cone radiator 
significantly diminishes with increasing frequency. The on-axis sound pressure response 
at 20kHz is more than 20dB less than that at lkHz, due to phase cancellation between 
the wavefronts emitted from the inner and outer edges of the cone. 

Further, the 3D polar frequency response pattern, particularly at high frequencies, 
substantially differs from that of a rigid flat plate. Broader side-lobes exist at 20kHz, 
resulting in a diminished, yet more uniform polar response at high frequency. 
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Figure 2.22. 3D Polar sound pressure frequency response of rigid cone radiator. 

2.5.3 THE NON-RIGID CONE RADIATOR 

In practice, a loudspeaker cone driven by an axial force does not vibrate as a rigid body 

but begins to break-up as the natural resonances of the cone are excited. Thus, the 

surface velocity of an axially driven cone is far from uniform, with different parts of the 

loudspeaker cone surface vibrating out of phase with each other, as shown in Figure 

2.23. 

Driving axis 
► 

Figure 2.23. The non-rigid cone radiator. 



37 

The degree of non-uniform cone motion is strongly dependent on the self-damping 
property (t;) of the cone material (refer Section 5.2.4). The polar sound pressure 
response of a comparatively undamped, non-rigid loudspeaker cone, (q=().l, Figure 

2.24) exhibits not only phase cancellation effects due to the shape of the cone, but also 
effects caused by the cone's phase-varying surface velocity response. 

Cone break-up 
resonances 

Figure 2.24. 3D Polar sound pressure frequency response of a non-rigid cone radiator with §=0.1. 

Comparing Figure 2.24 with Figure 2.22 reveals that the 3D polar sound pressure 
response of a non-rigid cone is notably different from that of a rigid cone. The phase 
cancellation effects due to cone profile are masked largely by the resonances caused by 
cone break-up. In particular, the on-axis response no longer exhibits the sound pressure 
roll-off with frequency that is exhibited by a rigid cone. On the contrary, the developed 
sound pressure of a breaking-up cone at ~20kHz is of a similar level to that at~ lkHz. 

In the frequency range of 2kHz-1 0kHz, standing waves on the surface of the cone cause 
peaks and dips in the on-axis sound pressure response of the loudspeaker. These 
standing waves are of the bending type, and consequently emit considerable sound 
radiation. At~ 12kHz there is a significant decrease in the on-axis sound pressure, due to 
the onset of the first longitudinal antiresonance. Above this frequency, bending waves 
begin to re-emerge on the cone, and the sound pressure increases accordingly. 

While standing waves on the surface of the cone can result in measurable fluctuations in 
the sound pressure frequency response, they can be controlled by increasing the self
damping of the cone material. Figure 2.25 shows the 3D polar-frequency response of a 
loudspeaker cone identical to that of Figure 2.24, but with ~ increased to 0.3. 
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Figure 2.25. 3D Polar sound pressure frequency response of non-rigid cone radiator with q-=0.3. 

Figure 2.25 shows that increasing the cone material's self-damping ratio results in the 
bending resonances and antiresonances of the cone being damped to the extent that they 
no longer dominate the polar frequency response. Thus, the sound pressure radiation of 
a well-damped yet non-rigid loudspeaker cone extends to higher frequency, and is more 
uniform over the range lkHz-lOkHz than is the case for a completely rigid cone (Figure 
2.22). Thus, if a high bandwidth is required for a given loudspeaker cone, highly 
damped cone flexure is preferable to no cone flexure at all. 

2.5.4 EFFECT OF VOICE Con, MASS 

The results of Sections 2.5.1 - 2.5.3 are calculated on the assumption that the mass of 
the voice coil used in the motor system is negligible in comparison with the mass of the 
radiating surface. In practice, this assumption is often invalid, as the voice coil mass, 
and the moving mass contribution of the spider and surround can be equal to, or greater 
than the mass of the cone. 

When Mcoil is large in comparison to Mcone, the denominator of equation 2.20 becomes 
dominated by the term}mMcoil• Consequently, the motional impedance, total admittance, 

cone velocity, and sound pressure all decrease at -20d.B/decade at high frequency. 
Increasing the mass of the voice coil increases the effect of this mass term in the 
denominator of equation 2.20, and thus reduces the bandwidth of the loudspeaker. 
Maximising the ratio Men., helps achieve a high loudspeaker bandwidth [6, 28]. 

Mcoil 
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The effect of the voice coil mass is demonstrated in Figure 2.26 where the 3D polar 
sound pressure response for a breaking up cone is calculated for Mcoil = 2Mcon/, 

Figure 2.26. 3D Polar sound pressure frequency response of non-rigid cone radiator with Mcoil = 
2Mcon,• The damping ratio used is identical to that used in Figure 2.24. 

Figure 2.26 shows that the effect of the additional mass of the voice coil is to diminish 
the high frequency sound pressure response, both on- and off-axis. The shape of the on
axis sound pressure response is also significantly changed, as the peaks and dips in the 
response are slightly lowered in frequency. Peaks caused by higher order resonances are 
diminished in comparison to lower order modes. The efficiency of the loudspeaker is 
also reduced resulting in lower overall radiated sound power. 

4 A cone to coil mass ratio of½ is typical for the loudspeakers considered in this thesis. 
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2.5.5 SUMMARY. 

The mid- to high-frequency sound pressure level developed by a loudspeaker is 

dependent on several factors: the shape of the radiating surface, the flexing motion of 
the cone, and the ratio of cone mass to voice coil mass. Figure 2.27 shows a comparison 
of the on-axis sound pressure Pax developed by a rigid plate, rigid cone and breaking-up 

cone. 

O.l ~-----...-------.---r---r--r--r---r--r--r-----, 

- Rigid plate 
- Rigid cone 
-Breaking-up cone - damping= 0.1 
- Breaking-up cone - damping = 0.3 
- Breaking-up cone with 13g voice coil - damping = 0.1 

0.001 -l------...J_ __ __JL._ _ _.,L__-L..._,L_-L...--L---L.-t--------" 

1000 Frequency (Hz) 
10000 

Figure 2.27. On-axis sound pressure responses <Paz) of radiators considered in Sections 2.5.1 -
2.5.4. 

In the frequency range lkHz-lOkHz cone break-up is the dominant factor that 

determines the "smoothness" of the sound pressure response of the loudspeaker, 
obscuring the phase cancellation effects of the shape of the radiating surface. 

The mass of the voice coil also has an important influence on the overall shape of the 
sound pressure response, causing a roll-off in sound pressure above/ =4kHz. 
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2.6 CONCLUSION 

The electrodynamic loudspeaker can be modelled as a simple linear system, which 
converts applied electrical energy into a velocity distribution across the radiating 
surface. This electromechanical system can be described by means of a simple electrical 
transformer equivalent circuit. 

By writing electrical equations for the equivalent circuit, the mechanical behaviour of 
the loudspeaker can be summarised in terms of its motional impedance, Zmot• Zmo, can be 
measured by making impedance measurements of the loudspeaker, as detailed in 
Chapter 3, and can be calculated from the axial admittance results of a finite element 
model. 

The natural resonant frequencies of the loudspeaker cone have an effect on the 
mechanical admittance of the loudspeaker, and thus on its motional impedance. Further, 
these resonant frequencies are the major cause of ripple in the sound pressure response 
of the loudspeaker. Although the cone shape and voice coil mass both have an affect on 
the overall shape of the sound pressure response, cone break-up is the major factor 
which determines the "smoothness" of both the on- and off-axis frequency response. 
Thus, the overall smoothness of the axial admittance and/or motional impedance 
response can be used as an indicator of the smoothness of the loudspeaker's sound 
pressure response. 





CHAPrER3 

MODEf J JNG AND MEASUREMENTTEcHNlQUES 

3.1 OVERVIEW 

This chapter gives an overview of the modelling and experimental techniques that are 
used to model and measure some of the characteristics of the loudspeaker cones 

considered in this thesis. 

In order to understand better the behaviour and characteristics of loudspeaker cones, it is 
useful to develop a mathematical model of both cone vibration and subsequent sound 
radiation. The finite element and boundary element methods are two numerical 
techniques that are utilised to produce the modelled results presented in this thesis. A 
summary of these two numerical methods is given in Section 3.2. 

In order to calibrate the mathematical models presented in Section 3.2, several reference 

measurements must be performed on real loudspeaker cones. In the course of this thesis, 

four loudspeaker cones, A, B, C and D were used to obtain experimental results. Section 

3.3 summarises the measurements made on these loudspeakers and the methods and 
equipment used to perform them. 

43 
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3.2 NUMERICAL MODELLING TECHNIQUES 

The earliest attempts at predicting the sound radiation of loudspeaker cones were 

limited by the requisite assumption that the loudspeaker cone vibrated as a rigid body. 
As discussed previously, this assumption is valid for very low frequencies, but for 
frequencies above the order of lkHz cone motion is far from uniform. Accurately 
modelling loudspeaker sound pressure response for frequencies at and above this range 
requires the non-uniform surf ace velocity response of the cone to be determined. 

In this thesis, the ANSYS™ finite element software package is utilised to create and 

solve several different finite element models of loudspeaker cones. The ANSYS 
software allows axisymmetric and non-axisymmetric cones to be modelled, and the 
structural response of the cone to transient or steady state sinusoidal forces to be 
determined. 

In this thesis, the surface displacement results from ANSYS finite element analyses of 
axisymmetric loudspeaker cones are used as inputs to a boundary-element model, which 
is subsequently employed to calculate the sound pressure at specific field points. The 
commercial boundary element software chosen to perform this calculation is the 
SYSNOISETM package. 

These numerical modelling tools can be used to calculate the characteristics of a 
loudspeaker and quantify them in terms of its mode shapes, and axial admittance, 
motional impedance and sound pressure responses. Other parameters, such as cone 
stress and strain may also be modelled using the FEM, but are not considered in this 
thesis, as they yield little additional insight of the behaviour of the loudspeaker. 

The following sections give a brief overview of the finite element and boundary element 
techniques and their application to finding the mechanical behaviour of a vibrating 
loudspeaker cone and the resulting sound radiation. A more detailed mathematical 
consideration can be found in any good introductory finite element analysis text [38,39, 
40] as well as the ANSYS 5.2 theory manual [41], and SYSNOISE theoretical manual 
[42]. 
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3.2.1 THE FINITE ELEMENT METHOD 

The finite element method is a numerical technique that enables the partial differential 
equations describing the behaviour of a system to be solved by creating a discretised 
model of the continuous system they describe. In order to calculate the motion of a 
loudspeaker cone of arbitrary shape, the cone is divided into a series of "elements" of 
small size, connected at points called "nodes". 

'----........ ..... .._ ·--·----
Figure 3.1. 3D model of a loudspeaker cone using 8-node structural elements. 

Elements of various shapes having different numbers of nodes are selected depending 
on the particular type of analysis required. Figure 3.1 shows a finite element model of a 
loudspeaker cone consisting of 1680 8-node solid elements. 

Having created a "mesh" of finite elements, the equations governing the structural 
vibration of the loudspeaker cone can be formulated by considering the stresses and 
strains of each element comprising the finite element model. This can be summarised as 
follows: 

For any given element of volume V, defined in a Cartesian coordinate system {x,y,z} the 

state of stress in the element can be described by means of a vector containing the direct 
and shear stresses in each dimension. The stress vector { a} is written as: 

(3.1) 

where Ox, O'y and Oz are the normal components of stress, and O'xy,Ojz and O'xz are the 

components of shear stress, as shown in Figure 3.2: 
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z 

y 

Figure 3.2. Element coordinate system and stress components. 

If the material from which the loudspeaker cone is constructed is linear and elastic, the 
stress-strain relationship for each element can be written as: 

{u}= D{e} (3.2) 

where D is a 6x6 elasticity matrix calculated from the user-defined Young's modulus 
(E) and Poisson's ratio (v) of the cone material, and {e} is the 6xl vector of x, y, and z 

direct and shear strains for the element. 

If the displacement of the nodes of an element is denoted by a displacement vector {Un}, 

the displacement of any point in the element { u} can be interpolated from {Un} by 
means of a matrix of shape functions N, which depend on the element type and 
geometry. Thus, we write: 

(3.3) 

The six strain components forming the strain vector { E }= [ex Ey Ez Exy Eyz exz] are 

calculated from: 

(3.4) 

where B is known as the strain-displacement matrix and is generally composed of 
derivatives of the shape functions N. 

The governing equilibrium equations can be derived for the finite element by applying 
the principle of virtual work [41, Section 2.2] and equating virtual changes in the 
internal strain energy of the element with the external work done on the element. This 
results in an equilibrium equation of the form: 

M., {uJ+ K., {uJ= {FJ (3.5) 

where: 



K. = f B TD B dV = Element stiffness matrix 
V 

M. = pf NTN dV = Element mass matrix (p = mass density of the element.) 
V 

{iin }= o: {un} = vector of nodal accelerations 
& 

{F J = vector of nodal forces 
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The corresponding equilibrium equation for the entire FE model can now be written as: 

M{ii}+K{u}={F} (3.6) 

where K and M are the global stiffness and mass matrices for all the finite elements, 
and {F}, {u} and {ii} are the global nodal force, displacement and acceleration vectors. 

3.2.2 MODAL ANALYSIS 

Modal analysis is the technique used to determine the frequencies and shapes of the 
natural modes of loudspeaker cones. 

For an undamped cone in free, unforced vibration, equation 3.6 can be written: 

M{ii }+ K {u }= {o} (3.7) 

The free vibration of the surface of a loudspeaker cone will be hannonic in nature, and 
can be written: 

{u }={¢};cos m;t (3.8) 

where {¢}; is the eigenvector representing the mode shape of the ith natural frequency 

( m) of the cone. 

Substituting for {u }and ignoring the oscillatory component, equation 3.7 becomes: 

(- m / M + K ){¢ }; = {o} (3.9) 

The non-trivial solution of this equation is: 

(3.10) 

which constitutes an eigenvalue problem of the form: 

(3.11) 

Eigenvalue (Ai) and eigenvector calculation and extraction is performed using the 
ANSYS SUBSPACE solver, as detailed in the ANSYS Theory Manual [41, Section 
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15.10.2]. Once the eigenvectors are calculated the mode shapes can be plotted, as shown 
in Figures 2.17, 2.18, and 4.14. 

3.2.3 HARMONIC ANALYSIS 

It is very often desirable to solve the time-dependent equations of motion of the 
loudspeaker cone in order to determine the frequency-dependent nature of its steady
state vibration. A harmonic analysis is performed by subjecting the FE model of the 
loudspeaker to a combination of forces and boundary conditions, and calculating the 
steady-state vibration at a number of frequencies. 

The degree of energy loss in the vibrating cone material is modelled through the use of a 
viscous damping matrix C. The damping matrix is specified using a constant damping 
ratio i;, which is defined as the ratio of actual damping to critical damping. The damping 

ratio is calibrated experimentally by comparing the magnitude of ripples in the 
measured and modelled Zmor responses (refer Section 4.3.3). Having specified a value 
for i;, the damping matrix is calculated from: 

{u Y [c ]{u }= 4,r/i; (3.12) 

The equations of motion for the finite element model of a loudspeaker cone subject to a 
sinusoidal force become: 

M{u}+C{u}+K{u}= {F} (3.13) 

where M,C, and Kare the mass, damping and stiffness matrices respectively, and {F} is 

the applied force vector. In general, the only boundary conditions of harmonic analyses 
are that the nodes on the inner edge of the cone are constrained to pure axial movement 
while an axial force of lN is applied to them. If the applied force is purely sinusoidal in 
nature, we may write: 

(3.14) 

The steady-state harmonic displacements of the cone will now be given by: 

(3.15) 

where { Uma.xl is the displacement magnitude and rp is the displacement phase shift, 

which can be different for each point of calculated displacement. 

Thus, equation 3.13 may be written (omitting the eiox factor): 

(3.16) 

All harmonic analyses in this thesis utilise the ANSYS "full solution" ([41], Section 
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17.4) method that solves equation 3.16 directly for {u} over a number of different 
frequencies. The total displacement vector { u} allows the displacement shape of the 
cone to be visualised at every calculated excitation frequency. However, the axial 
displacement of the node at the inner neck of the cone, denoted uax, is of particular 
importance, as the axial admittance Yax is given by: 

y = jmuax 
ax F ax 

where Fax is the applied axial force. 

(3.17) 

The modelled Zmo, response can be calculated from Yax using Equation 2.14. By 
comparing the calculated motional impedance response with the measured Zmo, response 
of the loudspeaker being modelled (Section 3.3.1), the FE model can be validated, and 
fine-tuned if necessary. 

3.2.4 2D AxISYMMETRIC MODELS 

It is often convenient to take advantage of axial symmetry when creating the finite 
element model of a loudspeaker cone. Two-dimensional finite element models of 
loudspeaker cones are much simpler to mesh and quicker to solve than their full three
dimensional counterparts as they require only the section profile of the speaker to be 
described and meshed. The section profile of an axisymmetric loudspeaker is shown in 
Figure 3.3: 

a) 

Axial direction 

Radial direction 
b) 

Figure 3.3. a) Cutaway view and b) section profile of axisymmetric loudspeaker. 

The section profile of the cone is typically divided into 31 elements, with element 1 at 

the inner edge of the cone and element 31 at the outer edge of the cone. As discussed in 
Section 4.3.1, the choice of 31 elements is a compromise between the requirements of 
determining the mode shapes and frequencies with sufficient accuracy, and minimising 
the processing time. 

Two-dimensional models are generated by explicitly defining the positions of the nodes 
in terms of x and y coordinates. The nodes are then connected by elements of either two 
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or four nodes, as described in Sections 3.2.4.1 and 3.2.4.2. 

3.2.4.1 2 NODE 2D SHEU ELEMENTS 

The simplest axisymmetric element used to characterise the loudspeaker cone is the 
SHELL61 2D axisymmetric-harmonic shell element provided by ANSYS. This element 
is characterised by two nodes (I, J) and two thicknesses (TK(I), TK(J)) as follows: 

/ 
/TK(J) 

/ 
/ ,. 

Axial (y) 

Radial (x) 

Figure 3.4. Geometry of a SHELL61 element. 

A series of 32 nodes connected by 31 SHELL61 elements is used to describe the edge 
profile of the cone. The thickness at each end of the element is user-defined, while the 
thickness between the nodes of an element is determined by a linear interpolation 
between the element's two end thicknesses. This allows cones of differing "thickness 
profiles" to be defined. The thickness profile of the cone has an important effect on 
mode shapes and frequencies, as discussed in Section 5.3. 

SHELL61 has four degrees of freedom, allowing displacement in the radial and axial 
directions, and also rotation of the nodes around the z (radial-axial) axis. 

In 2D models the motion of nodes 1 and 2 is constrained to the axial direction only, 
while all other nodes are free to move in radial or axial directions and rotate about their 
nodal positions in the radial-axial plane. A force of lN is applied to node 1 in the 
positive axial direction. 

This 2D model is used to calculate the natural axisymmetric mode shapes and 
frequencies (in 2D) of a normal loudspeaker cone, and their dependence on material 
properties, cone thickness, and thickness profile, as discussed in Chapter 5. 
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3.2.4.2 4 NODE 2D SOLID ELEMENTS 

A 2D 4 node element, PLANE42 is utilised to model the cone and surround when the 
surround was attached to the outer edge of the cone as in Section 4.5.3. In contrast to 
the SHELL61 element, the thickness of a PLANE42 element is defined implicitly by 
means of four nodes l,J,K,L. A PLANE42 element is shown in Figure 3.5. 

J 

Axial (y) 

L 

Radial (x) 

Figure 3.5. Geometry of PLANE42 element. 

The finite element model of the loudspeaker cone using four-node 2D solid element 
consists of 64 nodes connected by 32 elements, as illustrated in Figure 3.6: 

~ Surround 

64 

a) b) 

Figure 3.6. FE model of a) cone section profile and b) surround using PLANE42 elements 

The butyl-rubber surround is modelled by 24 elements, arranged as in Figure 3.6b). 
PLANE42 models readily allow the finite element model of the surround to be attached 
to the outer edge of the cone by "gluing" the upper nodes of the three outermost 
elements of the cone to the lower nodes of the three innermost elements of the surround. 
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The nodes of PLANE42 elements are free to move in both x and y directions. For 

harmonic analyses of PLANE42 models, an axial force of 0.5N is defined on nodes 1 
and 64, while nodes 1,2,63,64 are constrained to have no movement in the radial 
direction. When this element is used to model the cone and surround, the outermost 

nodes of the surround are constrained from any movement, while the axial force is 
divided equally over nodes 1 and 64. 

3.2.5 3D MODELS 

In order to model non-axisymmetric loudspeaker cones, such as those considered in 
Chapter 6, a full three dimensional finite element model is required. The 3D models 
employed to model "slotted" loudspeaker cones utilise 4 node 3D SHELL63 elements. 
Nodal positions are not defined explicitly when 3D elements are used; rather, the 
geometry of the cone is defined using solid modelling techniques, and the model 
meshed using the ANSYS meshing algorithms. 

Meshed models of 3D axisymmetric cones are rotationally symmetric and uniform, 
while meshes for "slotted" cones are less uniform, particularly near slot edges. 

The SHELL63 elastic shell element provided by ANSYS is used to create a 3D model 
of axisymmetric and slotted loudspeaker cones. The SHELL63 element is defined in 
Cartesian space by its four nodes I, J, Kand L, and the thickness at each node. Each 
node of SHELL63 elements has translational and rotational degrees of freedom in x, y, 

and z directions. 

TK(L) 
z 

TK(I) 
··-····-l. 

Figure 3.7. Geometry of SHELL63 element. 

Although this element allows for a different thickness at each node, we assume that the 
loudspeaker's thickness profile is uniform, and the loudspeaker can be approximated as 
a 3D shell of constant thickness. This slightly reduces the accuracy of the FE model 
(refer Figure 4.9), but greatly simplifies the process of meshing slotted cones. 
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3.2.6 MODELLING SOUND RADIATION 

The previous sections outlined the Finite Element technique that is used to calculate the 
displacement and velocity response of all points on the loudspeaker's surface. The 
surface vibration of the loudspeaker cone subsequently sets in motion a sound wave that 
propagates out into the air. This section gives a brief overview of the boundary element 
method that is used by the SYSNOISE software to calculate the sound pressure 
response of the loudspeaker, using the ANSYS structural results as inputs. A more 
detailed mathematical description can be found in the SYSNOISE theoretical manual. 

In general, wave propagation through a linear homogeneous media such as air, is 
governed by the 3D wave equation: 

V2 ( ) _ 1 ,:)2 p(r,t) 
p r,t - z z 

C dt 
(3.18) 

where V2 is the Laplacian operator, c is the speed of sound in the media, and p(r,t) is the 
pressure field at the point defined by vector r at time t. If the surface velocity 
distribution of the vibrating object is purely sinusoidal in nature, equation 3.18 will 
describe sinusoidal pressure solutions of the form p(r,t) = p(r)e;u, and reduces to the 

Helmholtz equation: 

(3.19) 

where k is the wavenumber ( (J) I and p is the complex pressure amplitude. 
C) 

Sound radiation problems can be solved by considering the surface of the vibrating 
object to be made up of a series of infinitesimally small point sources of spherical sound 
waves. The sound pressure field can then be calculated by summing the contributions of 
each of these point sources, along with appropriate boundary conditions, to the total 
pressure throughout the fluid. An acoustic point source is defined as the limit as r➔O 

from a uniform pulsating sphere of radius r and finite source strength q: 

q = Pair ·S ·v 

where Pair = fluid density 

S = surface area of sphere 

v = surf ace velocity 

(3.20) 

The pressure field around the point source has to satisfy equation 3 .19, while at the 
position of the point source itself (Y): 
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V2 p+k2p =-q•o(X -Y) (3.21) 

In equation 3.21, Xis the measurement point, Y is the position of the point source, and 
~ (X -Y) is the 3D Dirac function. The pressure field at point X due to the source at 

point Y that satisfies equation 3.21 is written: 

ejkr(X,Y) 

p(X ,Y)= q 4m-(X ,Y) (3.22) 

In equation 3.22, r(X, Y) denotes the distance between point X and source location Y. 

Green's third theorem (Equation 3.23) relates a surface integral S to a volume integral 
over V bounded by S for any two functions 1// and </J that are smooth and non-singular in 
V. (an is the derivative in the outward normal of S.) 

f C</J. an.,,_.,,. a n<P }is = I (<fJ. v2.,, - .,, • v2¢ µv (3.23) 
S V 

If 1// is defined to be a Green's function G(X,Y) equal to the pressure due to a point 
source of strength 1 and </J is defined to be the sound pressure p, equation 3.23 can be 
used to relate the pressure at a point X in volume V to an integral across the surface of 
the vibrating loudspeaker. 

ejkr(X,Y) 

ljf= G(X ,Y)= ( ) 
4m- X,Y 

(3.24a) 

(3.24b) 

After substituting equations 3.24 into equation 3.23, and considerable rearrangement 
and simplification [42, p29], the following integral relationship is attained: 

p(X)= I (p(Y)·dnG(X ,Y)-G(X ,Y)· dnp(Y)}is(Y) (3.25) 
s 

Equation 3.25 relates the pressure at point X enclosed by volume V to an integral of the 
pressure and pressure gradient across the radiating surface S. The pressure gradient 
follows directly from the normal velocity of the radiating surface, according to: 

(3.26) 

The value of p(Y) at the radiating surface is calculated by solving a series of m 

simultaneous equations, where m is the number of FE nodes. Once the pressure and 
pressure gradient at the radiating surf ace are calculated from the FE results, the pressure 
at any point in the (unbounded) radiating volume follows from a discretised form of 
equation 3.25. 
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The process of applying this boundary element technique and calculating the sound 
pressure response at points in the sound field was performed by the SYSNOISE 
software package. The SYSNOISE version used was limited to 200 nodes, which 
prohibited the calculation of sound pressure from full 3D ANSYS models, as such 
models require at least 1200 nodes to be used. Further, the time taken to calculate the 
sound pressure response even at just one frequency is prohibitive for such a large 
model. Thus, the calculation of sound pressure results was restricted to 2D 
axisymmetric loudspeaker cones such as those considered in Chapters 4 and 5. 

The process of calculating the sound pressure field developed by a non-rigid vibrating 
loudspeaker cone is summarised in Figure 3.8. 

Finite element 
model of 

loudspeaker 
cone 

ANSYS 

Cone surface 
nodal 

displacements 

Nodal 
pressures and 

pressure 
gradients 

Sound 
pressure at 
field points 

SYSNOISE 

Figure 3.8. Flow chart for calculating sound pressure results using a coupled ANSYS-SYSNOISE 
model. 

The process of Figure 3.8 is uncoupled; that is, the nodal displacements of the 
loudspeaker cone are assumed to be unaffected by the radiation impedance offered by 
the air in which the loudspeaker cone vibrates. The ANSYS FE model itself does not 
account for radiation impedance since this requires a sound field to be meshed with 
acoustic finite elements, at considerable processing expense. 

Although SYSNOISE does allow the radiation impedance to be accounted for at extra 
processing expense, we choose to not utilise this feature. This commonly adopted 
approach [6, 30] simplifies and speeds up the solving process with no appreciable 
decrease in modelling accuracy. Since the measured motional impedance response of 
the loudspeakers is substantially identical whether measured in air or in a vacuum 
chamber, and the modelled and measured sound pressure responses show good 
correlation, this assumption seems justified. 

Further, the loudspeaker is assumed to be baffled, and to radiate into an unbounded (and 
therefore anechoic) volume. In practice, all sound pressure measurements were made in 
an anechoic chamber with the loudspeaker mounted in a baffle, but with the 
loudspeaker's outer surround removed. This resulted in a small gap between the edge of 
the cone and the baffle, but since the baffle has negligible effect on frequencies above 
lkHz, measured and modelled results still show a good correlation. 

In general, the finite element model consisted of a total of 31 elements and 32 nodes. 
The sound pressure response was calculated at field points directly in front of the 
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loudspeaker at a distance of Im and 10m. The sound pressure at a further 36 points 
placed at 2.5° increments around a 90° arc of radius 1 Om were calculated and used to 

generate the polar response plot of the loudspeaker (refer Figure 2.20). 

3.3 MEASUREMENTS 

The finite element and boundary element methods discussed in Section 3.2 allow the 
surface displacement of the loudspeaker cone, and the resulting sound pressure response 
to be calculated. The surface displacement response is used to calculate the theoretical 
motional impedance response Zmo, of the loudspeaker cone, while the BEM is used to 
calculate the sound pressure on axis, Pax at a distance of Im. As both of these parameters 
can be readily measured for a real loudspeaker, they are useful tools to aid the 
calibration and validation of the FE and BE models. 

This section gives an overview of the techniques and equipment used to measure the 
motional impedance and on-axis sound pressure responses of the loudspeaker cone. 

3.3.1 MOTIONAL IMPEDANCE 

As shown in Chapter 2, the resonant and antiresonant frequencies of an axially driven 
loudspeaker cone have a profound effect on the measured Zmo, response of the 
loudspeaker. Since Zmo, can easily be calculated by post-processing FE displacement 

results, the measured motional impedance response is a convenient tool for calibrating 
FE models. 

In order to measure the motional impedance of a speaker we employ the "blocked voice 
coil" method [6, 9]. A constant magnitude current I (Appendix Ila) is passed through the 
speaker under test (Zresr), As shown in Chapter 2, Z,est can be expressed as the sum of an 
electrical and motional impedance and so we write: 

Ztot(test) = Zelec(test) + Zmot(test) (3.27) 

The same current I then passes through a reference loudspeaker (Zn1) which is simply an 
identical loudspeaker with its voice coil glued in place so that no movement can occur. 
Thus, the total impedance of the reference loudspeaker has no motional dependence: 

Znf = Zelec(ref) (3.28) 

By using a difference amplifier (Appendix Ilb) to instantaneously subtract the voltage 
across the reference loudspeaker from the voltage across the test loudspeaker, and 
assuming that Zelec(nfJ = Ze1ec(testJ, the voltage across the test loudspeaker due to motional 
impedance alone is measured (refer Figure 3.9): 
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V mot = Vtest - V,ef (3.29) 

z,ef 

Figure 3.9. Measurement of motional impedance using a constant current amplifier and reference 
voice coil. 

Zmot is determined from Z""'' = Vm½, allowing the motional impedance to be measured 

as a function of frequency. 

In practice, measurements of Zmot were carried out using a swept-spectrum method, with 

V mot measured using a HP3478A digital multimeter, and the excitation signal applied in 

frequency steps by a HP3314A programmable function generator. Equipment control 

and data collection was performed by custom Lab View software using the General 

Purpose Interface Bus (GPIB) protocol. In general, 50 measurements were taken in both 

10-lO0Hz and lO0Hz-lkHz ranges, with a further 500 in the range lkHz-20kHz. 

All Zmot measurements were made with the loudspeaker mounted in a vacuum chamber 

in order to conveniently preclude any sound radiation. The measured motional 

impedance response was identical when the loudspeaker was mounted in an anechoic 

chamber. 

Once the Zmo1curve has been measured, the break-up frequencies of the loudspeaker can 

be accurately determined, and compared to the frequencies predicted by FE model 

modal analyses. Further, the overall shape of the Zmo, response is a useful tool for 

calibrating the FE model, and characterising the behaviour of the loudspeaker. 
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3.3.2 MOTOR PARAMETERS 

Before calculating the motional impedance response from the Yax response predicted by 

the FE model of the cone, the loudspeaker's motor parameters must first be determined. 

The motor system parameters: total compliance, moving mass, mechanical resistance 

and motor strength are particularly important for matching the Zmo, response at low 

frequency, when the loudspeaker is under stiffness and resistance control. 

Motor compliance is determined by the spring resistance force provided by the spider, 

and, to a lesser extent, that of the outer surround. Compliance can be measured by 
adding known masses (0 < m < 250g) to the centre of the loudspeaker, which is laid flat 

on its magnet. The added mass provides a force on the centre of the cone, which acts 

against the restoring force of the spider and surround, and causes the cone to lower. The 

displacement of the lowered cone is subsequently measured to within 10 microns using 

a laser range finder. The compliance can then be calculated by finding the inverse slope 

of a graph of the applied force versus the cone displacement, as shown in Figure 3.10. 

2.5 ~---------------------------
X Speaker: A 
b. Speaker: B 

2.0 □ Speaker: C 

◊ Speaker:D 

0.5 

0.0 +----,-----,-------,,-----..------,-----,------1 

0.0000 0.0005 0.0010 0.CXH5 0.0020 0.0025 0.0030 0.0035 
Displacerrent (m) 

Figure 3.10. Graphs of cone force versus displacement for loudspeakers A-D 

Figure 3.10 shows that the force displacement-relationship is linear for displacements of 
less than ~ 2.5mm and approximately the same for all four motor systems measured. 

The slope of each of the above plots gives the spring constant k for that particular motor 

system, while the inverse of the slope gives the compliance. The spring constants and 

compliances are summarised in Table 3.1. 
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~~L~i-rorJ§!1mnft®1rr}iitrI~-Zi117'1~10 
~ ~--C.....-=..J 

A 620 1.61 X 10"3 

B 660 1.52 X 10·3 

C 670 1.50 X 10"3 

D 690 1.45 X 10"3 

Table 3.1. Spring constants and compliances for loudspeakers A-D. 

The electromechanical coupling factor Bf. is also found by applying forces to the cone 

by means of added weights. As previously, a known weight is added to the cone by 
means of small masses, and then the cone restored to its equilibrium position by passing 
a DC current through the voice coil. The cone displacement is measured using a laser 
range finder to ensure that the cone is accurately restored to equilibrium. Since 
F = Blf., the slope of a graph of applied force versus voice coil current (Figure 3.11) 
yields the motor constant Bf. . 
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2.0 A SpeakerB 
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0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 
Current (A) 

Figure 3.11. Graphs of cone force versus voice coil current for loudspeakers A-D. 

The slopes of all four plots in Figure 3.11 are approximately identical, and give a value 
of Bf. = 6.2. 

Once the compliance of each loudspeaker system has been calculated, its moving mass 
can also be found by experimentally determining the free-air-resonance Jo. The mass of 

the loudspeaker then follows by rearranging equation 2.11 to give: 
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M = 1 
IOI 4 2 .( 2c 

7! JO tot 

(3.29) 

The free air resonant frequencies of all four loudspeakers were measured and are shown 

with the calculated loudspeaker moving masses in Table 3.2. 

~ ... ~ u: _ .l .<iJ0;; ,rnrmff!filt~:tilffii.my~{JJi,~:,. a{, ·,tit!~~Uli,¥-½;,9ii1--~~1i17 
.:--~~ ...... · ··:i~ ~~ .. ~~.i::.~ ..•. ~ ··~ ... ,,,\. ~ ~~tb..,.:~1.:;.:... .. ...it..:_'.:..·~...::...... ..... ~n.::,_:::2!.:...~ 

A 35 12.8 

B 36 12.9 

C 35 13.8 

D 36 13.5 

Table 3.2. Free air resonance and total moving mass of loudspeakers A-D. 

The mechanical resistance of the loudspeaker motor system determines the system's 
"Q" near / 0• While the mechanical resistance can be measured accurately, its exact value 

is not critical, and choosing a value of R = 0.1 yields an appropriately shaped Zmo, 
response near free air resonance for all four loudspeakers. 

3.3.3 SOUND PREssURE 

All sound pressure measurements were made in an anechoic chamber using a B&K 

precision microphone and an HP3561A audio spectrum analyser. The B&K microphone 
is specified accurate to ±0.5dB across the audio spectrum. The spectrum analyser's 

standard FFT measurement technique was used, with the transformed measurements 

averaged 500 times. 

Measurements were made with the microphone at a distance of approximately one 

metre, with the loudspeaker driver mounted in a standard IEC baffle. In general, the 

sound pressure response was measured using 400 frequency bins linearly spaced at 

50Hz intervals over the range 1 0Hz - 20kHz. 



CHAPrER4 

Cl-IARACIERISATION OF LoUDSPEAKER CONE 
REsONANCE 

4.1 OVERVIEW 

In this chapter a finite element (FE) model of an axisymmetric loudspeaker cone is 
developed. Modelled Zmor responses are used to calibrate the FE model to the measured 

responses of two particular loudspeaker cones, A and C. The measured and modelled 
sound pressure responses are also used as a final check of model validity. The FE model 
for cone C is subsequently employed to fully characterise the natural resonant behaviour 

of an axisymmetric loudspeaker cone. 

The Y cu and Zmor responses are calculated from the finite element model of cone C, 

allowing significant resonant and antiresonant modal frequencies to be identified. 
Subsequently, the displacement patterns of these modes are extracted in order to 
characterise the nature of cone resonance. 

The FE model is then extended to include the outer surround, which is an integral part 

of an electrodynamic loudspeaker. The effect of the outer surround on the axial 
admittance characteristic and modes shapes of the loudspeaker is determined and 

discussed. 

4.2 INTRODUCTION 

In Chapter 3, the necessary tools and techniques for creating a FE model of a 
loudspeaker cone were outlined. These tools allow the mathematical equations 
describing the physical behaviour of a loudspeaker cone to be numerically solved, 
resulting in a detailed description of the nature of loudspeaker cone resonance. This 
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description can be utilised to predict the effects of changes in the loudspeaker cone 
design on the measured characteristics of a real loudspeaker. 

However, for any FE model to be of any practical use, it must first be calibrated and 
validated. By comparing the characteristics predicted by the FE mod~l with the 
measured characteristics of a real loudspeaker cone, the validity of the model can be 
confirmed. 

Two characteristics of a loudspeaker driver that closely reflect the loudspeaker cone's 
resonant behaviour are the motional impedance (Znwr) and on-axis sound pressure (pax)

Of these, the motional impedance is the simplest to measure repeatably and accurately, 
using the method described in Section 3.3.1. Since the motional impedance of a 
vibrating loudspeaker can also be calculated easily from the FE model, the Znwr response 
is a convenient calibration criterion. 

Measured characteristics such as motional impedance and sound pressure can differ 
significantly between nominally identical loudspeakers (even between those from the 
same batch), due to differences in cone thickness and/or material properties. Consider 
for example, the measured motional impedance responses for two loudspeaker cones, A 
and C, shown in Figure 4.1. Loudspeakers A and C are nominally identical 6½-inch 
polypropylene loudspeakers of the type described in Chapter 2, selected from different 
batches manufactured almost a year apart: 

--Speaker A 

-SpeakerC 

0.01 4--____ ___, ___ __.__ _ __._ _ _.____, _ _..____.__....__ _____ __, 

1000 Frequency (Hz) 10000 

Figure 4.1. Measured Zmo, response for loudspeakers A and C 

The results of Figure 4.1 highlight the considerable variations that can exist even 
between nominally identical loudspeakers. Not only do the natural frequencies of these 
two loudspeakers differ considerably, but also the shape of the motional impedance 
responses near each resonance and antiresonance. Further, the measured motional 
impedance response for a loudspeaker is sometimes found to change over time, perhaps 
because of changes in the properties of the cone material. The effects of variations in 
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loudspeaker cone material properties, and aspects of cone geometry are considered in 
detail in Chapter 5. 

Consequently, if a FE model is required to represent any particular loudspeaker of a 
given geometry and cone material to a very high degree of accuracy, calibration to that 
particular loudspeaker's measured characteristics is necessary. This is achieved by 
adjusting the material properties used to create the FE model until acceptable agreement 
between measured and modelled results is attained. While this procedure can be carried 
out for each loudspeaker if necessary, much useful information can still be gained from 
the FE model by selecting material properties that are typical for the loudspeakers being 
modelled. 

In Section 4.3, the FE model is calibrated to the measured characteristics of cones A and 
C, in order to demonstrate the degree of correlation between measured and modelled 
results. The calibrated material properties for cone C are then assumed to be 
representative of polypropylene cones of these dimensions, and are used in subsequent 

FE models. 

4.3 MODEL GENERATION AND VALIDATION 

The generation of the finite element model progressed in two main stages. Firstly, a two 
dimensional axisymmetric model was generated and calibrated using the measured Zmo, 
response of cones A and C. Secondly, the FE model was extended to three dimensions, 
in order to allow the full 3D mode shapes to be extracted, and non-axisymmetric 

loudspeakers to be considered. All three dimensional cone models considered herein are 
based on the calibrated material properties for loudspeaker cone C. 

The steps taken to generate and calibrate the 2D axisymmetric cone model are 
summarised in Figure 4.2. 

Finite element 
model of 

loudspeaker cone 

Boundary 
Nodal displacements element model of 

speaker cone 

Post processing 

Sound pressure ~----~ 

z,,,,,,ional 

Fine tuned material properties 

Figure 4.2 Procedure followed in calibration of FE models 

This procedure can be summarised as follows: 

Comparison of 
modelled 

results with 
measured 

results 

1. Using the manufacturer's specified material properties, and the measured cone 
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geometry, develop a two-dimensional ANSYS model of a loudspeaker cone with no 
surround. (Initially the effect of the surround is neglected allowing the natural 
resonances of the cone itself to be modelled.) 

2. Solve the model for the displacement response of each node along the edge profile 
of the cone for the frequency range 1 00Hz - 20kHz. 

3. Use the nodal displacement results from ANSYS as boundary condition inputs to a 
SYSNOISE model of the cone in order to solve for the sound pressure field; by 
post-processing the nodal displacement results, calculate the motional impedance of 
the cone. 

4. Validate the FE model by comparing modelled motional impedance results and 
modelled sound pressure results with the measured characteristics of cone with no 
surround. 

5. Fine tune the material properties (Young's modulus, damping ratio, Poisson's ratio, 
and mass density) and repeat steps 2-5 as necessary. 

By following this process, material properties were calibrated for loudspeakers A and C. 

4.3.1 CONE GEOMETRY AND PHYSICAL PROPERTIES 

In order to define accurately the shape of the loudspeaker cone in the FE model, the 
cone's meridional (from inner to outer edge) profile was measured to a resolution of 10-
micron using a laser range finder. The resulting section profile is shown in Figure 4.3 . 
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Figure 4.3. Section profile of loudspeaker cone, interpolated with 5 th order polynomial function 

A polynomial curve was fitted to the measured cone edge profile data resulting in a 
function describing y, the axial component of the cone shape in terms of the x, the radial 
coordinate. 
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The n nodal positions were explicitly defined by dividing the x coordinate range into n-
1 equally spaced sections and calculating the corresponding y coordinate for each value 
of x. In addition, a further node was placed 2.25mm below the innermost node defined 
by the curve of Figure 4.3 in order to model the inner "neck" of the cone. 

Thirty-two nodes were used to define the edge profile of the loudspeaker cone itself. 
The designers of SYSNOISE recommend that at least six elements be used to discretise 
each acoustic wavelength in air. At 20kHz, the acoustic wavelength is ==l.7cm; using 

thirty-two nodes results in an element density of ~ 10 elements per acoustic wavelength 
at this frequency. In practice the minor improvement in modelling accuracy afforded by 
exceeding the number of nodes recommended by this rule of thumb was found to be 
more than offset by the increased expense in processing time. 

Of considerable importance to the accuracy of the finite element model of the cone is 
the variation of cone thickness from inner to outer edge - the cone thickness profile. A 
typical vacuum-formed cone's thickness can vary by up 20% from its nominal value, 
and is usually thinner at the inner and outer edges than in the middle. In order to 
account for this manufacturing anomaly, the thickness profile for cone C was measured 
using a micrometer, and is shown in Figure 4.4. 
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Figure 4.4. Cone C thickness profile as measured by micrometer; interpolated by a 6th order 
polynomial. 

As before, a polynomial was fitted to the measured thickness variation and subsequently 
used to explicitly define the thickness of the cone tx in terms of the radial coordinate. 

This function is then used to explicitly define the thickness at each node in the FE 
model. 

Although the exact thickness and thickness profile varies slightly from cone to cone, 
and batch to batch, the results shown in Figure 4.4 (taken from loudspeaker C) are 
typical of the thickness variation trend from inner to outer edges. 
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As mentioned in Chapter 3, it is also important to model the total moving mass of the 
loudspeaker. This includes not only the mass of the cone and voice coil/former, but also 
the mass of the glue used to attach the voice coil to the cone neck. Furthermore, there is 
an additional component of moving mass contributed by the spider and external voice 
coil connection wires. 

In general, the additional moving mass contributed by the voice coil, spider and glue 
can be accounted for by adding in an additional term while post-processing, and need 
not be included in the FE model. However, this becomes impractical if the sound 
pressure response is to be calculated from the FE model results. 

In order to expand the FE model to include the extra moving mass, a 1cm long element 
of the same thickness as the inner neck of the loudspeaker cone was attached to the 
innermost node (nodel). By defining an extremely large Young's modulus for this 
material, and choosing an appropriate mass density, the element simulates an almost 
infinitely stiff ring mass. 

The actual total moving mass of the assembled loudspeaker is easily determined from 
the free-air resonant frequency, and the previously measured compliance of the 
speaker's motor system. By subtracting from this the mass of the loudspeaker cone 
( determined from the ANSYS model), an appropriate value for the mass density of the 
additional moving mass ring was determined. 

The loudspeaker cone material is mica-loaded polypropylene sheet, and has the 
following manufacturer-supplied characteristics: 

pi~-{""''?"'-~~::;':i~ ,l"";-~ .. .,;-.'"Tll-¥';-..,._~~:r.<,_-,r.(':•~f'""•:11 

r:· ,.,:. iH:(tin:J~"'~-: ·: · ·J··'· ·: \1J;ftt(~'"'' ..... l 
~~~~~ ... ~_l 

Mass density: 1100 kg/m3 

Young's modulus: 3xl09 N/m2 

Poisson's ratio: 0.25 

Table 4.1. Polypropylene loudspeaker cone properties as supplied by loudspeaker cone 
manufacturer 

These material properties, while approximate, allow an initial finite element model to be 
generated and compared with measured results. 
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4.3.2 INITIAL 2D FE MODEL 

A simple two-dimensional axisymmetric model consisting of 33 explicitly defined 
nodes was generated using SHELLS! elements, as shown in Figure 4.5. The inner edge 
of the cone was constrained to purely axial motion by means of a zero displacement 
boundary condition, while all other nodes were unrestricted. Further, a IN frequency 
independent axial force was applied to the innermost node (Node 1) to simulate the 
force generated by a constant-current driven voice coil. 

32 

IN axial force on i 
node 1 I 

\_ 
Cone 

Voice coil C> = Radial displacement constraint 

Figure 4.5. Finite element model of loudspeaker cone and voice coil. 

A harmonic analysis was performed over the frequency range lOHz - 20kHz yielding 
the displacement response of every node. Subsequently, the axial displacement results 
for node 1 were post-processed (via spreadsheet) to yield the axial admittance response 
of the cone and voice coil. The properties of the motor system were used along with the 
calculated axial admittance to calculate the total motional impedance response of the 
loudspeaker. 

The initial modelled motional impedance response was subsequently compared to the 
measured motional impedance response of cones A and C, and the material properties 
fine tuned for each speaker, according to the procedure detailed in Section 4.3.3 
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4.3.3 CALIBRATION 

Each of the three isotropic material properties (Young's modulus, Poisson's ratio and 
mass density) has an effect on the absolute and relative frequencies of the natural modes 
of the loudspeaker cone. Additionally, the choice of damping ratio affects the shape of 
the motional impedance response near each resonance and antiresonance. The damping 
ratio can also slightly shift the frequencies of the natural modes, although this shift is 
insignificant for realistic damping ratios ( e <0.1 ). The values of some of these material 

properties can be fine-tuned to improve the accuracy of match between measured and 
modelled results. 

In general, the mass density of the loudspeaker cones can be assumed to be constant 
from cone to cone, at least for loudspeakers manufactured from the same batch. Batches 
manufactured some time apart may show some variance in mass density, but this is 
likely to be minimal in comparison to variations in other properties such as Young's 
modulus. 

By adjusting the value of Young's modulus for the cone material, it is possible to shift 
all the predicted resonant and antiresonant frequencies to closely match those measured 
in the motional impedance response of a real cone. This is achieved by the following 
method [6] 

I. Using an initial estimate for Young's modulus, E', calculate an estimate of the 
frequency of the first bending antiresonance, J/x,1 • (Refer Figure 4.10) 

2. Measure the actual frequency of the first bending antiresonance lbal. 

3. Since all resonant and antiresonant frequencies are proportional to the square 
root of Young's modulus (refer Chapter 5), a better estimate for Young's 
modulus, E, is given by: 

(4.1) 

The value of Poisson's ratio has no effect on the frequency or shape of bending 
resonances and antiresonances but does affect the longitudinal resonant frequencies 
(refer Section 5.2.3). Thus, by slightly adjusting the value of Poisson's ratio we may 
adjust the position of the first longitudinal resonance relative to the bending modes. 

Lastly, the damping ratio was initially set to a value of 0.1, and subsequently adjusted in 
order to provide the best match between the height of resonant features on the measured 
and modelled motional impedance responses. 

The modelled and measured on-axis sound pressure (pax) is used as a final test of model 
validity. The sound pressure predicted by the SYSNOISE software is compared to the 
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on-axis sound pressure of the speaker, as measured in an anechoic chamber at a distance 
of 1 m. When measured, the loudspeaker consisted of a cone and voice coil mounted in a 
motor assembly with no outer surround or dust-cap attached, allowing the cone to 
resonate freely, and all resonant frequencies to be readily identified. As is common 
practice, the loudspeaker was mounted in a standard IEC baffle, although there was a 
space of = 1 cm between the outer edge of the cone and the start of the baffle owing to 

the removal of the surround. The sound pressure response for frequencies below lkHz 
is not considered as it is well below the onset of cone break-up. 

A reasonable match between the frequencies of features in both measured and modelled 

sound pressure responses is looked for. In general, calibrating material properties with 

the use of motional impedance measurements results in a satisfactorily representative 
model, and no further calibration is necessary upon calculation of the sound pressure 
response. The final material properties chosen for cones A and C after calibration are 
shown in Table 4.2. 

I"' - , -

; ]~,'!qtJ~~. \t, :qH 
t --·-- . --------- ---------· .. -

ConeA ConeC 

Mass density: 1113 kg/m3 1113 kg/m3 

Young's modulus: 5.0x109 N/m2 6.4x109 N/m2 

Poisson's ratio: 0.30 0.22 

Damping ratio (c;): 0.025 0.020 

Table 4.2. Calibrated material properties for loudspeaker cones A and C 

Figures 4.6 and 4.7 show the final calibrated Zmo, and Pax results for cones A and C. 
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Figure 4.6. Measured and modelled motional impedance and sound pressure responses for cone A 
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Figure 4.7. Measured and modelled motional impedance and sound pressure responses for cone C 

The modelled and measured motional impedance responses of Figure 4.6 and Figure 4.7 
exhibit good frequency matching between their major features. On average, the first six 
modelled and measured bending resonant frequencies in the Zmor response of Figure 4.6 
(Cone A) agree within 1 %, while the sound pressure response resonances agree within 
4%. In Figure 4.7 (Cone C), the first six measured Zmor resonances lie (on average) 
within 2% of their modelled counterparts, while for the sound pressure response, the 
agreement is 1 %. 

However, there is inevitably some degree of compromise in the calibration procedure, 
as it is essentially a manual process. Often, calibration to one particular feature, such as 
the shape of the motional impedance curve near the first resonance and antiresonance, 
requires a compromise in another feature, such as the sound pressure response. 
Nevertheless, the overall shapes of the modelled motional impedance and sound 
pressure responses are sufficiently similar to the measured responses. 

The small resonance evident in the motional impedance curves of both loudspeakers A 
and C at /-=500Hz has been identified as the first resonant frequency of the spider. The 

mode shape was clearly visible when the spider was illuminated by strobe light while 
being driven at a frequency of 500Hz. Although the effect of the spider is not taken into 
account in the FE model, its role as the supplier of the spring restoring force to the 
centre of the cone is taken into account during post-processing. As the spider is sealed 
behind the driver cone, it produces negligible sound radiation, even when vibrating at 
resonance. The spider has a second resonant frequency at f= 1 OO0Hz, and a third at 
f=l800Hz. 

Some features of the sound pressure curve warrant particular comment. Both measured 
sound pressure curves exhibit a significant peak at just below 2kHz. No such feature is 



71 

evident in the measured motional impedance, nor in the modelled sound pressure 
response. At least two factors have been identified which demonstrably contribute to 
this measured sound pressure peak. 

1. This frequency approximately corresponds to the first resonant frequency of the 
frame (1950Hz) which normally supports the outer suspension. As the outer 
suspension had been removed from these drivers, the driver frame was able to 
ring, and contribute to the sound pressure near these frequencies. However, in 
normal circumstances, the driver frame is heavily damped by the suspension and 
tightly screwed into a cabinet, thereby practically removing the contribution of 
the driver frame resonance. 

2. There appears to be a significant sound pressure contribution from the small 
resonant cavity formed by the space between the end of the pole piece and the 
inner edge of the cone. Further, there is a resonant cavity formed by the vent 
down the centre of the pole piece. It has been noted that sealing the back end of 
the pole-piece vent causes a decrease in the frequency of this resonance. It is 
perhaps possible that with some further careful modelling these resonant effects 
could be taken account of in the FE model. A third resonant cavity is formed by 
the volume of air enclosed by the spider and the magnet assembly. 

Since the FE model does not attempt to model the structural resonances of the 

loudspeaker motor system and frame, these resonances are absent from the modelled 
sound pressure response. 

Apart from the driver frame and pole piece resonances, the measured sound pressure 
response is somewhat less than the modelled response for frequencies below the second 
bending resonance ( ~3kHz). The first bending resonance is predicted at approximately 

the same frequency at which it is measured, albeit with a lower sound pressure. Above 
this frequency, there is good matching between measured and modelled sound 

pressures. 

The minor discrepancies between measured and modelled sound pressure may be 
attributable in part to the difference between the baffle conditions of the test and 
modelled loudspeakers. The measured loudspeaker is mounted in a large baffle, which 

is standard practice when measuring a loudspeaker driver's sound pressure response. 
However, as the outer surround of the loudspeaker was removed, there was a gap of 
1 cm between the outer edge of the cone and the start of the baffle. The removal of the 

surround may also have caused further minor discrepancies by allowing the test 
loudspeaker's voice coil to twist more than usual and make contact with the magnet 

system. 

These relatively minor disparities aside, the degree of agreement between measured and 
modelled motional impedance and sound pressure responses suggests that the developed 
FE model sufficiently predicts the characteristics of cones A and C. The results also 
imply that the FE model is quite adequate for the purposes of exploring the effect of 
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material properties and cone geometry on the natural frequencies of a nominal 
loudspeaker. 

4.3.4 3D MODEL 

Having calibrated the 2D model and determined realistic material parameters, a 3D 
model of loudspeaker C was created using =1100 SHELL63 elements. This 3D model 

was developed to assist in generating the mode shapes and characteristics of unslotted 
loudspeakers. It was also used as a starting design for exploring the effects of cone slots 
on the resonant behaviour of loudspeaker cones (Chapter 6). A cutaway view of this 
model is shown below in Figure 4.8. 

32 

Nodal circle 

#25 

Azimuthal direction 

Figure 4.8. Cutaway view of 3D cone model. 

Nodes lying along meridional and azimuthal lines define the shape of the loudspeaker 
cone. In general, we refer to different parts of an axisymmetric loudspeaker cone in 
terms of the nodal circle number, where the innermost circle is nodal circle 1 and the 
outermost nodal circle 32. (Nodal circle 25 is highlighted in Figure 4.8 as an example.) 

As for the 2D model, degree of freedom constraints are applied to nodal circles 1 and 2 
in order to constrain the inner neck of the cone to purely axial motion. All other nodes 
are unconstrained. The lN driving force applied to the inner nodal circle is distributed 
across the 36 nodes around the circle; each of these nodes experiences a force of 1/36 N. 

The motional impedance response calculated using this FE model is shown in Figure 
4.9: 
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Figure 4.9. Measured and modelled Z,,,,,1 response for cone C. Generated from 3D model. 

On average, the first six bending resonances of the Zmo, response generated by the 3D 
axisymmetric model lie within ±2% of the measured Zmo, resonant frequencies. 

As 2D models are necessarily axisymmetric, a full 3D model is the only means by 
which asymmetric loudspeakers can be modelled. Unfortunately, the 3D model of 
Figure 4.8 consists of approximately 1100 elements as opposed to the 32 elements of 
Figure 4.5, resulting in considerably greater processing expense. The calculation time 
required for a 200-frequency step harmonic response analysis of a 2D model is of the 
order of 1 minute while the same calculation on a 3D model requires up to 12 hours. It 
was not feasible to calculate sound pressure response results for any of the 3D models 
considered herein, as the SYSNOISE software being used was limited to 200 nodes 
only. Further, the cost in processing time for such a large design using the BE method 
would be severe, and impractical in view of the large number of different 3D models 
considered. 

However, the smoothness of the modelled Yax response of a 3D loudspeaker provides a 

very good indication of the smoothness of the resulting sound pressure response. 
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4.4 AXISYMMETRIC LOUDSPEAKER CHARACTERISTICS 

In this section, the calibrated FE model of loudspeaker C is used to determine the exact 
nature of the resonant behaviour of a typical axisymmetric 6½-inch polypropylene 
loudspeaker. The loudspeaker is characterised by means of its axial admittance 
response, sound pressure response, natural frequencies and mode shapes. Asymmetric 
modes are generally not excited in an untreated loudspeaker and are therefore not 
considered. 

4.4.1 AxIAL ADMITTANCE RESPONSE 

As the measured sound pressure response created by a loudspeaker is closely related to 
its axial and total admittance responses, it is convenient to use the admittance 
characteristic as a tool for describing the resonant behaviour of the loudspeaker. Plotting 
the axial admittance of the cone itself and ignoring the effect of the added mass of the 
voice coil allows the cone's resonant and antiresonant frequencies to be readily 
identified, as shown in Figure 4.10: 
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Figure 4.10. Modelled axial admittance response for loudspeaker cone C 

The ring antiresonance is denoted ra, the first ten bending antiresonances are denoted 
bal -bal 0, the first eleven bending resonances br 1-11, and the first longitudinal 
resonance lal. Thus, loudspeaker C enters cone break-up at a frequency of 
approximately 2.5 kHz, with the ring antiresonance occurring at 2575Hz. The first 
longitudinal antiresonance occurs at ~ 12500Hz, and is evident as a pronounced 
minimum in axial admittance. 
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4.4.2 SOUND PRESSURE REsPONSE 

It is useful to consider the far-field sound pressure response of cone C by means of a 3D 
polar sound pressure radiation plot as shown in Figure 4.11. The polar sound pressure 
response is generated from SYSNOISE, by defining a 180° arc, IOm in front of the 

loudspeaker cone. Seventy-two measurement points are defined around this arc, and the 
sound pressure response is derived for each point at 200 driving frequencies in the range 
1 00Hz-20kHz. 

Figure 4.11. 3D Polar sound pressure frequency response plot for cone C with no voice coil and no 
surround. 

Figure 4.11 shows the predicted polar sound pressure response of cone C with a zero 
mass voice coil. The effect of the bending resonances is clearly seen in the region 
1 OO0Hz - 1 0kHz, both in the on and off-axis response. A considerable reduction in 
sound pressure is evident at the onset of longitudinal antiresonance (=12.SkHz). 

In general, the off-axis response of an axisymmetric loudspeaker can be estimated by 
superimposing the shape of the total admittance characteristic on the polar response plot 
of Figure 2.25. 
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4.4.3 MODE SHAPES 

Having identified the natural frequencies of the cone itself, it is useful to consider the 
modal shapes of each resonant and antiresonant mode. This is achieved by means of two 
different types of plot: the colour contour displacement plot and the colour vector plot. 

The colour-contour displacement plot shows the deformed shape of the cone at a 
particular frequency, using colour to represent the displacement of each area of the cone 
from its undeformed position. The colour scale ranges from blue➔red, blue 

representing small displacements and red large displacements. An example of a colour
contour displacement plot is shown below where the shape of cone vibration at 1075Hz 
(which does not correspond to a cone resonant frequency): 

Figure 4.12. Colour-contour displacement plot for cone C for f = 1075 Hz. 

The displacement colour scale is recalculated for each plot generated, and thus these 
plots should be taken as indicative of mode shape alone and not absolute cone 
displacement. In order to more clearly show the phase relationship of different parts of 
the cone, and the relative amounts of transverse and longitudinal displacement, the 
colour vector displacement plot is also used: 

Figure 4.13. Colour vector displacement plot for loudspeaker cone C for f = 1075 Hz. 
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The natural frequencies of Figure 4.10 are characterised in Figure 4.14 by means of 
displacement and vector plots. All plots are observed from a viewpoint behind the rear 
surf ace of the cone. 

Displacement plot 

a) Ring antiresonance/,. = 2600 Hz 

b) First bending resonance f,,,, = 3000 Hz 

c) First bending antiresonance /ba, = 3500 Hz 

d) Second bending resonance f1u2 = 4150 Hz 

Figure 4.14. Colour displacement and vector plots for a) ring antiresonance, b) first bending 
resonance, c) first bending antiresonance, d) second bending resonance. 
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Displacement plot Vector plot 

e) Second bending antiresonance/ba2 = 4750 Hz 

f) Third bending resonance Ji,,3 = 5350 Hz 

g) Third bending antiresonance/baJ = 6100 Hz 

h) Fourth bending resonance /br4 = 6700 Hz 

Figure 4.14 (cont.). Colour displacement and vector plots fore) Second bending antiresonance, f) 
Third bending resonance, g) Third bending antiresonance, and h) Fourth bending resonance. 
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Displacement plot Vector plot 

i) Fourth bending antiresonance /ba-1 = 7700 Hz 

j) Fifth bending resonance fh,s = 8350 Hz 

k) Fifth bending antiresonance /ba5 = 9400 Hz 

1) Sixth bending resonance/br6 = 10000 Hz 

Figure 4.14 (cont.). Colour displacement and vector plots for i) Fourth bending antiresonance, j) 
Fifth bending resonance, k) Fifth bending antiresonance, and i) Sixth bending resonance. 
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Displacement plot 

m) Sixth bending antiresonance/ba6 = 11250 Hz 

n) Seventh bending resonance /b,7 = 11700 Hz 

o) First longitudinal antiresonance/1a1, Seventh bending antiresonance /ba7 = 12500 Hz 

p) Eighth bending resonance.fi,,8, Eight bending antiresonance/ha&= 13500 Hz 

Figure 4.14 (cont.). Colour displacement and vector plots form) Sixth bending antiresonance, n) 
Seventh bending resonance, o) First longitudinal antiresonance and Seventh bending 
a~tiresonance, p) Eight bending resonance and antiresonance. 



81 

Displacement plot Vector plot 

q) Ninth bending resonance /br9 = 15000 Hz 

r) Ninth bending antiresonance/ba9 == 15500 Hz 

s) Tenth bending resonance fi,,10 = 17000 Hz 

t) Tenth bending antiresonance/baJo = 17750 Hz 

Figure 4.14 (cont.). Colour displacement and vector plots for q) Ninth bending resonance, r) Ninth 
bending antiresonance, s) Tenth bending resonance, t) Tenth bending antiresonance. 
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Displacement plot Vector plot 

u) Eleventh bending resonance fbrII = 19500 Hz 

Figure 4.14 (cont.). Colour displacement and vector plots for u) Eleventh bending resonance. 

The cone motion described by Figure 4.14 can be classified into three main frequency 
ranges as follows: 

Region A. / </,., 

At low frequency, the loudspeaker vibrates in an approximately piston-like manner, the 
displacement of the outer edge lagging slightly in phase behind the inner edge. In this 
region, the axial admittance is principally imaginary; the cone vibrates as an almost
rigid body. The displacement of the inner edge is less than that at the outer edge, as 
shown in Figure 4.12 and Figure 4.13. 

When the driving frequency is increased to =2575Hz, the so-called ring antiresonant 

frequency /,a is reached, marking the onset of cone break-up. At this point, the real 
component of the axial admittance is of comparable magnitude to the imaginary 
component, and the cone begins to behave like a spring. 

Region B. Ira </ </,a1 

At the ring antiresonant frequency, cone motion is at a minimum at the inner edge of the 
cone, and maximum at the outer edge. The motion of the cone at the outer edge is 
purely transverse, as shown by the vector displacement plot of Figure 4.14 a). The ring 
antiresonant frequency arises from azimuthal stretching that occurs at the circumference 
of the cone as it expands and contracts. Expansion of the circumference of the cone 
results in a component of the resulting azimuthal stress being directed in towards the 
axis of the cone. 

The ring antiresonance can be thought of as a simple spring-mass resonance between 
the transverse component of the stiffness experienced by the outer edge of the cone and 
the cone mass. Consequently.fra is strongly dependent on the outside radius of the cone; 
to a first approximation, it is independent of its meridional length. 
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As the driving frequency is increased above f,a, bending wave motion begins to appear 
on the surface of the cone. At 3025 Hz, the first bending resonant mode (j = /b,J) of the 
cone is excited. This mode is characterised by an antinode at nodal line #23 and a node 
at nodal line #28 (Figure 4.14b) ). The portion of the cone inside nodal line #23 retains 
an almost piston like motion, and is the part of the cone that moves with maximum 
displacement. This results in a local maximum in the sound pressure response for this 
speaker. The outer sections of the cone, although vibrating with much greater amplitude, 
vibrate antiphase, and thus do not greatly contribute to the developed on-axis sound 
pressure. 

f = 3475Hz corresponds to the excitation of the first bending antiresonance. The mode 
shape at this frequency is almost identical to that at /bal, except the inner piston-like 
portion of the cone exhibits almost zero displacement; only the outer portions of the 
cone vibrate. This is a characteristic of all bending antiresonances in this region, and 
consequently all bending antiresonances cause a minimum in the radiation sound 
pressure response. 

As the driving frequency is further increased, higher order resonances are excited, with 
the innermost antinode moving in towards the centre of the cone with higher frequency. 
In region B, the n,h bending resonant frequency is characterised by n nodal lines, and 
n+l antinodal lines (including the outside edge). The area of the cone inside the 
innermost antinodal line moves almost uniformly, maintaining an approximately piston
like motion, while the outer areas of the cone exhibit bending wave motion. 

The loudspeaker cone always vibrates with greatest displacement amplitude at the 
position of the innermost antinode, except during longitudinal antiresonance. 

As higher order resonances are excited (Figure 4.14, j), 1), n)), the cone begins to exhibit 
a significant degree of longitudinal motion, particularly towards the outer edge of the 
cone. This longitudinal motion becomes predominant at 12500Hz (Figure 4.14 o)), as 
the first longitudinal antiresonant frequency is reached. 

Region C. / > /,,,1 

At the first longitudinal antiresonant frequency, fia1, a very small inner region of the 
cone vibrates axially, with all other sections of the cone vibrating in a longitudinal 
manner along the cone's meridional line. As there is very little transverse component to 
the cone's vibration, the onset of longitudinal resonance corresponds to a pronounced 
dip in sound pressure as seen in Figure 4.11. The longitudinal nature of the cone's 
vibration at this frequency is quite evident in Figure 4.14 o ). 

Above, fia1, further bending resonances and antiresonances occur. At all these modal 
frequencies, the innermost part of the cone vibrates in a transverse manner, with high 
displacement amplitude in comparison to outer parts of the cone. Cone displacement is 
far lower at the outer edge of the cone than near its centre. Here the wave type is a 
combination of transverse and longitudinal motion, as shown in the vector plots of 
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Figure 4.14 p) ➔ u). 

It is convenient to summarise the modal shapes of Figure 4.14 by means of a 
"displacement pattern versus frequency" plot. Figure 4.15 shows the displacement 
pattern of a line of nodes up the meridian of an axisymmetric loudspeaker as a function 
of frequency. The frequency axis is linear rather than logarithmic, thereby revealing the 
displacement results at high frequency more distinctly. Displacements are all normalised 
to be relative to the displacement of the innermost node. Consequently, the colour scale 
indicates the deformation of the cone from its equilibrium shape, and not the overall 
displacement of the cone. 

Frequency (kHz) 

0 

Undeformed cone 

edge shape 

Figure 4.15. Displacement plot of loudspeaker cone edge as a function of frequency. 

Figure 4.15 demonstrates that the innermost antinode vibrates with maximum amplitude 
and moves in towards the centre of the cone with increasing frequency. The onset of 
longitudinal antiresonance is also evident at /=12500Hz, as the cone displacement 

becomes primarily longitudinal. 

The Yax plot of Figure 4.10, the 3D polar sound pressure frequency response plot of 

Figure 4.11, the vector and displacement plots of Figure 4.14, and the displacement 
pattern plot of Figure 4.15 form a set of tools which adequately summarise the resonant 
behaviour of the loudspeaker. Varying the properties of the loudspeaker will result in 
changes to some or all of these characteristics. 
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In this section the · effect of the outer surround on cone behaviour is measured and 
characterised by means of a finite element model. 

4.5.1 INTRODUCTION 

The previous sections have considered the resonant behaviour of a loudspeaker cone 
with no outer surround, allowing the natural resonances of the cone itself to be 
characterised. However, in practice, all electrodynamic loudspeaker drivers are 
manufactured with an outer surround, which attaches from the outer edge of the 
loudspeaker cone to the driver frame. The outer surround serves a threefold purpose: 

- Prevention of side to side rocking of the cone 

- Prevention of passage of air between front and rear cone surfaces 

- Termination and absorption of travelling wave energy in the cone 

Additionally, the surround supports the role of the spider by supplying a small measure 
of restoring force to the cone. It must also be able to withstand the high excursion of the 
cone that occurs at low frequencies. 

Traditionally, paper loudspeaker cones have been manufactured with an outer surround 
consisting of a series of concentric corrugated rings attached to the cone edge. This has 
usually been formed by extending the cone material itself, although sometimes an extra 
felt or cloth extension has been used. Frankfort [6] ignored the outer surround when 
numerically modelling cone resonance, arguing that a slightly increased cone damping 
sufficiently models the surround's effect. This may be the case when the surround is 
manufactured of the same material as the cone itself and is of similar thickness. 
However, other studies have shown that the outer surround can have a significant effect 
on the resonant behaviour of loudspeaker cone [28]. In particular, Shindo et al. consider 

the effect of a cloth surround on the behaviour of a conical paper cone and find that the 
effect of the outer surround cannot be ignored. 

Paper or felt loudspeaker cones have been partly superceded by modem cones 
manufactured from such materials as polypropylene, polyester, and aluminium. These 
loudspeaker cones are often terminated with surrounds moulded from materials such as 
plastic foams, neoprene, p.v.c. and nitrile rubber. 

It is beyond the scope of this thesis to undertake an exhaustive examination of the 
relative merits and demerits of different surround designs and materials. Nevertheless, it 
is appropriate to briefly examine the surround design utilised in the loudspeaker drivers 
used herein, and determine its effect on the resonant behaviour of an ''unterminated" 
loudspeaker cone. 
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4.5.2 MEASURED RESPONSE 

In order to determine the effect of the outer surround on cone resonance, the Zmo, 
responses of cones A and C were measured with and without their outer surrounds 
attached. Figure 4.16 compares the measured motional impedance responses. 
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Figure 4.16. Measured z..,, response for loudspeaker cone A with and without surround attached. 
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Figure 4.17. Measured z_ response for loudspeaker cone C with and without surround attached. 
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From Figure 4.17 it is evident that the outer surround has several significant effects on 
the resonant behaviour of the loudspeaker: 

1. The ring antiresonance feature is significantly decreased in shape and frequency. 

2. All bending modes are decreased slightly in frequency and considerably in 
amplitude. 

3. The first longitudinal resonance is lowered in frequency. 

(The free-air resonance (not shown) was also shifted upwards slightly for cone A due to 
the additional spring force provided by the surround.) 

These same trends were also noted by Shindo et al. [28] in their consideration of the 
effect of a felt surround on a convex paper loudspeaker. 

These results confirm that the rubber surround used with a polypropylene loudspeaker 
of this type has a considerable effect on its measured motional impedance response, 
particularly in the frequency range 1-1 OkHz. Thus, it is appropriate to extend the FE 
model of this loudspeaker used in the previous sections to include the addition of a 
surround. This will allow the finite element model to be used to determine the exact 
effect of the surround on the resonant behaviour of the loudspeaker cone. 
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4.5.3 FE MODEL EXTENSION 

The surround employed by the loudspeakers being considered is of the external half-roll 
type (Figure 4.18), and is moulded from butyl rubber. A rubber rim extends 4mm down 
the front face of the loudspeaker, and is joined at the outer edge to an external half-roll 
(5mm radius, 0.35mm thickness). The outer end of the half roll attaches to another rim, 

which is firmly glued to the driver frame. 

A finite element model of the surround was created using 25 PLANE42 (4 node, 2D) 
elements. The outermost nodes of the surround were constrained from movement in all 
directions in order to simulate the connection of the external half roll to the driver 
frame. This model was connected to a 64-node PLANE42 model of the loudspeaker 
cone itself, as shown in Figure 4.18. 

Cone Driver frame Cone 

Figure 4.18. Section diagram of the outer surround showing its attachment to the loudspeaker cone 
and driver frame; corresponding finite element model. 

The butyl rubber used to form the surround has a mass density of:::::: 1200 kg/m3, and a 
Young's modulus of ::::::2x108 N/m2• The Poisson's ratio of the surround was estimated to 

be ~0.3. 

The motional impedance response of Figure 4.19 was calculated using the above 

properties for the surround material and the calibrated material properties for cone C. 
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Figure 4.19 shows that the frequency and shape of the ring antiresonance and the first 

bending resonance matches well with that measured for cone C. The second and third 

bending resonances also closely match the measured response. Higher orders modes are 

indistinguishable in the measured z_, response curve, and are similarly diminished in 

the modelled z_, response. 

As this FE model produces a sufficiently accurate representation of the measured 
response of cone C, the effect of the surround can be characterised in detail by 
considering the calculated Y ... frequency response and mode shapes. 

4.5.4 EFFECT OF SURROUND ON AXIAL ADMITIANCE REsPONSE 

The effect of the surround on cone resonance can be attributed to two separate 
components of the surround - the surround rim, and the external half roll. 

Firstly, the addition of the rubber rim to the outer edge of the cone lowers the resonant 
frequencies of the cone, particularly affecting the ring antiresonance and the first 
resonant frequency. These first modes are the most effected by the added mass at the 
outer edge, as it is the outer edge of the loudspeaker cone that flexes with maximum 

amplitude at f,,,, fi,,1. 

Secondly, the external half roll adds extra moving mass, and further lowers the first 
bending resonant and antiresonant frequencies. However, a more significant effect of 
the external half roll is to provide considerable damping for travelling waves in the 
cone, thereby diminishing the amplitude of resonant features in the Y ... response. 
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The first of these effects is best demonstrated by limiting the FE model of the surround -
to the cone rim alone, and considering the effect of rim density on the axial admittance 
response. The upper plot of Figure 4.20 shows the Yax response of cone C with surround 
rim (no external half-roll) as the density of the cone rim is varied from 0-1200 kg/m3• 

The lower plot of Figure 4.20 shows the birds-eye view of the upper plot in order to 
highlight the density dependence of the resonant modes. 

I I 

--------~ ............................ i-····· 
10·• ---r 

Yar ::::i:: :=::.: 

(m/NsJ 
: : •• t __ _ .:,, ____ _ 

----:-•-:------· 
--··t···+------··· 

0 ..•. ·., •• :, ••• ········ 

................ 
.. -- ... ~:·',= .. ________ ....... . 

0 

200 

400 

p (kg/m3) 600 

800 

1000 

··<> .. 
... :•::: .. .. -.. ---------

10• 

Frequency (Hz) 

Figure 4.20. Y ar frequency response for cone C with a rubber rim attached to outer edge; the rim 
density is varied from O - 1200 kg/m3 

Figure 4.20 indicates that the primary effect of adding mass in the form of a rubber 
surround rim is to significantly lower the ring antiresonance of the cone. All other 
bending modes are also lowered in frequency with increasing surround density, but to a 
far lesser extent. In contrast, the amplitude of the first resonant feature is increased as a 
result of the addition of the surround rim. 

The effect of the external half roll on the axial admittance response can be clearly 
demonstrated by removing the cone rim from the FE model and modelling only the half 
roll component of the surround. In this case, the surround does not overlap the outer 
edge of the loudspeaker, but simply butts against it. The resulting Yax frequency 
response profile is shown below as a function of roll mass density in Figure 4.21. 
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Figure 4.21. Y"" frequency response profile for cone C with an external half roll of rubber attached 
to the outer edge, as the roll density is varied from 0-1200 kg/m3• 

Figure 4.21 confirms that the external half-roll of the surround has a significant 
damping effect on all the bending resonances, particularly the first bending mode. While 
the surround also possesses its own resonant modes, they are minimised by the high 
self-damping properties of the butyl rubber, and are inevident in Figure 4.21. 

Combining the surround rim with the external half roll, the density of the entire 
surround can be varied to demonstrate its overall effect on the cone axial admittance 
response. 
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Figure 4.22. Y"" frequency response profile for cone C with entire surround attached to the outer 
edge, as the surround density is varied from O - 1200 kg/m3• 

Figure 4.22 shows that the combination of cone rim and external half roll results in a 
downward shift in all modal frequencies, particularly the first bending antiresonance, 
and a diminished amplitude for all resonant modes. 

The sound pressure response of the loudspeaker will be similarly affected by the 
addition of the surround, with the speaker exhibiting a smoother sound pressure 
response through region B. This will be accompanied by a general lowering of all 
resonant frequencies, particularly /b,1 

4.5.5 EFFECT OF SURROUND ON MODE SHAPES 

Shindo et al. [28] noted that the nodal lines and cone displacement pattern of the convex 

loudspeaker cone they considered were also affected by the addition of an outer 
surround. Given that the modelled axial admittance response of the speaker is 
demonstrably altered by the addition of a cone rim and external half roll, it seems 
reasonable to assume that the cone mode shape would also be affected. 

Figure 4.23 shows the modelled cone displacement patterns for cone C with no 
surround, rubber rim, and external half roll. Figure 4.23 a) is a reproduction of Figure 
4.15 and is included here as a reference mode shape. 
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Figure 4.23. Cone displacement patterns for a) Cone with no surround, b) Cone with rim, c) 
Cone with rim and external half roll. 
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Figure 4.23 b) shows the displacement pattern for cone C with a rubber rim attached to 
the outside edge. The inclusion of the rubber rim in the cone model increases the 
moving mass at the outer edge of the cone, thereby lowering significantly the frequency 
of the first bending resonant frequency. The nodal line of this resonant mode is moved 
out slightly towards the outer edge of the cone. The outer edge of the cone vibrates with 
a greater amplitude displacement than a cone with no surround. 

When the external half roll is added to the cone model (Figure 4.23c), the overall cone 
displacement is reduced notably, particularly at lower frequencies. The extra damping 
provided by the surround results in the cone motion being more piston-like. 

All nodal and antinodal lines are shifted slightly towards the outer edge of the cone by 
the addition of the surround, due to the cone meridional length being effectively 
increased. 

Summary 

The addition of an external half roll butyl rubber surround with a 5mm cone rim has the 
effect of: 

1. Significantly lowering the frequency of the first bending resonant and antiresonant 
modes. 

2. Slightly lowering the frequencies of all other bending and longitudinal modes. 

3. Slightly moving all nodal and antinodal lines outwards. 

4. Decreasing the variation in cone displacement across the surface of the cone and 
thus smoothing the sound pressure response. 

In general, subsequent FE models do not include the surround, in order keep the number 
of elements and nodes to a minimum. When necessary, the effect of the surround on the 
response of any of the 2D or 3D modelled cones can be estimated using points 1-4 as a 
general guide. 
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4.6 CONCLUSION 

In this chapter, a finite element model of an axisymmetric loudspeaker cone has been 
designed and calibrated against measured results for two loudspeakers, A and C. 
Subsequently, the natural frequencies, characteristics, and mode shapes of loudspeaker 
cone C have been derived and can be taken to be generally indicative of those of a 
typical 6½" polypropylene driver. Also, the effect of the surround on the axial 
admittance response and mode shapes of cone C has been established and summarised. 

Having derived the characteristics of a typical loudspeaker cone using a calibrated FE 
model, the effect of various parameters on loudspeaker cone resonance may be 
ascertained. In particular, Chapter 5 examines the effect of changes in material 
properties, cone thickness, and cone thickness profile on the natural resonances of the 
cone and shows how these resonances may be tuned. 

Chapter 6 demonstrates the manner in which cone resonance is affected by introducing 
slots into the surface of the cone. The 3D model calibrated in this chapter is used as the 
starting point for Chapter 6. 





CHAPrER.5 

REGULATING LoUDSPEAKER CONE REsONANCE 

5.1 OVERVIEW 

In Chapter 4, the resonant characteristics of an axisymmetric loudspeaker were 
quantified in terms of its axial admittance response (Y ,,), mode shapes, cone 

deformation pattern, and radiated sound pressure response. In this chapter, the 
dependence of these loudspeaker characteristics on the properties of the cone is 

considered. 

The calibrated material properties for cone C are used as a common starting point for all 
analyses in this chapter. The properties of the cone material are varied independently 

and the effect of each variation of the resonant behaviour of the cone quantified in terms 
of the axial admittance, cone deformation pattern, and sound pressure response. The 
effect of variations in material properties on mode shape is also considered. 

The extent to which the thickness and thickness profile of the loudspeaker cone affects 
cone resonance is explored in Section 5.3. Constant thickness and graduated thickness 

loudspeaker cones are examined and the effect of cone thickness on the resonant 

characteristics of the loudspeaker is defined. Consequently, a technique for altering the 
frequencies and magnitudes of specific bending modes by selectively thinning or 

thickening parts of the loudspeaker cone is examined and summarised. 
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5.2 EFFECT OF CONE MATERIAL PARAMETERS ON 
LOUDSPEAKER CHARACTERISTICS 

The loudspeaker cone is described in the FE model by means of three isotropic material 
properties: Young's modulus, mass density and Poisson's ratio. The frequencies of the 
natural modes of the loudspeaker cone are strongly dependent on the value of each of 
these. Further, the specified damping ratio can have an influence on the shape of the 
axial admittance response, and consequently the sound pressure response. Thus, the 
resonant behaviour of a loudspeaker cone of given dimensions can be adjusted by 
selecting materials of appropriate properties. 

In this section, the effect of each of the three isotropic material properties on the 
resonant behaviour of the loudspeaker is considered, with a particular emphasis on 
bending waves. This is achieved by individually perturbing the material properties of 
the FE model of cone C over a realistic range, and expressing the characteristics of the 
loudspeaker in terms of its Yax response, cone deformation pattern, and p ax response. 

Frankfort [6,7] develops a numerical model of a straight-sided loudspeaker cone, and 
uses it to characterise the cone's resonant behaviour in terms of its on-axis sound 
pressure, radiated sound power and directivity. His results focus mainly on the effects of 
geometrical factors (thickness, inner and outer radii, meridional length of cone, and 
apex angle), but also briefly consider the effect of mass density and Young's modulus 
on cone resonance. 

However, Frankfort's results and conclusions are mainly concerned with the behaviour 
of the longitudinal modes of the cone. As the peaks and dips in the useable sound 
pressure range of a loudspeaker cone are largely due to bending wave motion, a greater 
understanding of the dependence of bending wave behaviour on cone material 
properties and geometry is required. 

Geaves [23] briefly examines the effect of changing the Young's modulus of both the 
cone and surround material in order to calibrate a FE model. The dependence of the 
resonances in the developed sound pressure response on the value of Young's modulus 
is noted, but no further significant conclusions are reached. 

Heed [29] uses a combination of lumped parameter and finite element techniques to 
consider the effect of damping on loudspeaker cone resonance. He argues that the 
damping ratio of the cone and surround has a very significant effect on the amplitude of 

transverse standing waves on the loudspeaker cone. The results of Section 5.2.4 provide 
support for his claims, while explicitly defining the effect of damping on the 
loudspeaker's characteristics. 

In practice, material properties are not independent, and it is difficult to change one 
property of a material without affecting others. For example, a material of high density 
will often possess a large Young's modulus, while a material with high self-damping 
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may also possess a different mass density to an undamped material. However, it is still 
useful to develop a clear understanding of the individual effect of each material property 
on the resonant characteristics of the loudspeaker cone. Although the results considered 
in this section are generated for the specific geometry and design of loudspeaker C, they 
can be applied in a general manner to loudspeakers of different shapes and sizes. 

This consideration is restricted to linear, isotropic, and homogeneous materials. Some 
loudspeakers are manufactured from materials such as Kevlar and honeycomb-type 
structures [19], which are not isotropic. Other materials, such as paper or felt, can be 
moderately inhomogeneous, resulting in the excitation of non-axisymmetric modes. 
While the developed FE model allows for the possibility of simulating loudspeakers 
manufactured from anisotropic, non-linear, and inhomogeneous media, it is beyond the 
scope of this thesis to discuss such materials. 

The following sections examine in detail the effect of each material property on the 
natural resonances of cone C. In each section, the FE model is defined using the 
calibrated material properties for cone C (Table 4.2), and the material property under 
investigation is independently varied. Each material property is varied over a realistic 
range that allows the change in frequency and amplitude of the resonant modes to be 
readily identified. The behaviour of the loudspeaker cone is quantified in terms of its 
axial admittance and sound pressure response (both on and off-axis). Cone deformation 
plots are included for reference. 

In general, axial admittance results are shown for the cone itself, (without the added 
mass of the voice coil) allowing the shift in the natural frequencies of the cone to be 
clearly seen. However, all modelled sound pressure results are calculated from a FE/BE 
model which accounts for the voice coil mass. The same voice coil mass (10 g) is used 
for each plot. 

All cone deformation plots are in response to a lN axial force, and are scaled by the 
same factor from plot to plot, in order to clearly show the mode shapes. All cone 
displacements are relative to that of the innermost node. 

All directivity versus frequency plots are drawn to the same scale, with colour 
representing the magnitude of the sound pressure response. 
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5.2.1 DENSITY 

To examine the effect of variations in cone material density p, the modelled YIU response 

was calculated for p ranging between 800 and 1400 kg/m3• Each YIU response is 

calculated for 200 frequencies in the range lkHz-20kHz. 

The uppermost plot of Figure 5.1 displays these results by means of a 3D log-log-log 
plot. The vertical axis is the axial admittance value YIU with frequency as the horizontal 

axis. The cone density p forms the third (out of the page) axis. The lower plot of Figure 

5.1 shows the bird's-eye view of the upper plot in order to reveal the density 

dependence of the axial admittance frequency response. 
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Figure 5.1. Calculated f 41 frequency response of axisymmetric cone as cone density is varied from 
800kg/m3 to 1400 kg/m3• 

Figure 5.1 illustrates that the frequencies of bending and longitudinal resonances and 

antiresonances decrease with increasing cone density. Moreover, all resonant 

frequencies f. can be shown to be proportional to the inverse square root of the cone 

density: 

1 
fn oc ..Jp (5.1) 

Consequently, if a cone of mass density p has resonant frequencies denotedfn., the same 
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cone of density p' will have resonant frequencies given by: 

(5.2) 

This relationship could be utilised to calibrate material properties in the FE models so 

that modelled modal frequencies match well with measured modal frequencies. 
However, it is preferable to adjust the value for Young's modulus instead, since Young's 
modulus is more likely to be the factor that varies from speaker to speaker, particularly 
as the cone material ages. 

While the frequencies of all the modes are lowered by an increase in cone mass density 
in accordance with the relationship of equation (5.2), the overall shape of the axial 
admittance response is unaffected. The mean value of the axial admittance is decreased 
with increasing mass density due to the increased total moving mass of the loudspeaker. 
This is shown in Figure 5 .2, where the axial admittance is plotted for p = 800 kg/m3 p = 
1400 kg/m3• 
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Figure 5.2. Y., response of cone C for p = 800 kg/m3, p = 1400 kg/ml 

Figure 5.2 illustrates that the magnitudes of the peaks and troughs in the axial 
admittance response are almost unaffected by the mass density of the cone, while the 

mean axial admittance of the denser cone is lower. 

The cone deformation patterns for p = 800 kg/m3 and p = 1400 kg/m3 were also 

calculated, and are shown in Figure 5.3. 
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Figure 5.3. Cone deformation pattern for a) p = 800 kg/m3, b) p = 1400 kg/m3 

Figure 5.3 demonstrates that although the frequencies of the natural modes of the cone 

decrease with increasing cone density, the mode shapes (that is, the positions of nodal 

and antinodal lines) are unaffected. 

The lower total mass of a less dense cone implies a higher radiated sound pressure, and 

hence higher efficiency. Assuming a voice coil mass of 10 g, the on-axis sound pressure 
response for p = 800 kg/m3, p = 1400 kg/m3 was calculated and is shown in Figure 5.4. 
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Figure 5.4. On-axis far-field sound pressure responses for p = 800 kg/m3, p = 1400 kg/m3• 
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Figure 5.4 confirms that the mean value of the sound pressure response decreases with 
increasing cone density. The magnitude of ripple in the sound pressure response also 
slightly diminishes with increasing cone density. Similar trends are evident in the off
axis response, shown in Figure 5.5 by means of a 3D polar sound pressure response 

plot. 

Figure 5.5. 3D Polar sound pressure frequency response plots for a) p = 800 kg/m3 b) p = 1400 
kg/m3 
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Figure 5.5 indicates that the off-axis response for p = 800 kg/m3 is considerably greater 
than that for p = 1400 kg/m3 at any given frequency. This is due to the higher 

longitudinal resonant frequency of the less dense cone. This effect aside, the overall 
shape of the 3D polar response characteristic is independent of cone density. 

Summary 

Increasing the cone material density: 

• Decreases all bending resonant frequencies according to equation 5.2. 

• Shifts the first longitudinal antiresonance to a lower frequency, thereby reducing the 
bandwidth of the loudspeaker. 

• Decreases the overall efficiency of the loudspeaker, and thus the developed sound 
pressure. 

• Slightly decreases the ripple of the sound pressure frequency response, both on and 
off-axis. 
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5.2.2 YOUNG'S MODULUS 

As the Young's modulus E effectively defines the stiffness of the cone material, it has a 
considerable effect on the frequency of resonant and antiresonant modes. To illustrate 
this effect, the Young's modulus of cone C was varied from 4Xl09 to 7xl09 N/m2, which 

is a realistic range for polypropylene. The results are displayed in Figure 5.6 as a 3D 
log-log-log plot of the axial admittance frequency response versus Young's modulus. 
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Figure 5.6. Calculated Y., frequency response of axisymmetric cone as Young's modulus Eis 
varied from 4xl09 N/m2 ➔ 7xl09 N/m2• 

Figure 5.6 demonstrates that the frequencies of bending and longitudinal resonances and 
antiresonances increase with increasing Young's modulus5• All resonant frequencies J,, 
are proportional to the square root of Young's modulus, E: 

(5.3) 

Consequently, if a cone of Young's modulus E has resonant frequencies denoted!,,, the 

' The small ripples evident in the resonant peaks of Figure 5.6 are due to the discrete values of E used to 
generate the figure, and unfortunately cannot be disguised by the interpolated shading routine utilised by 
the graphing software. A similar effect can be seen in Figures 5.21 and 5.26. 
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same cone of Young's modulus E' will have resonant frequencies given by: 

(5.4) 

This relationship was used to calibrate the FE model as detailed in Chapter 4. 

While the resonant frequencies increase with increasing Young's modulus, and the axial 
admittance response moves to higher frequency, the overall shape of the axial 
admittance response is unaffected by the Young's modulus of the cone material. This is 
shown in Figure 5.7 where the Ya.r response is plotted for E = 4xl09 N/m2 and E = 7Xl09 

N/m2• 
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Figure 5.7. Modelled Y., response for E = 4xl09 N/m2 , E = 7xl09 N/m2 

The two axial admittance responses of Figure 5.7, although differing in frequency, are 
very similar in magnitude and shape. 

However, the cone deformation plots for E = 4xl09 N/m2, E = 7xl09 N/m2, (Figure 5.8) 

show that increasing the stiffness of the cone material not only increases the frequencies 
of the natural resonances of the cone, but also decreases the magnitude of the standing 

waves on the cone. This is to be expected, as the increased bending stiffness opposes the 
transverse displacement of the surface of the cone. In the limit, an infinitely stiff 
loudspeaker cone will exhibit no standing wave behaviour at all, but vibrate as a rigid 
body. Thus, increasing the Young's modulus of the loudspeaker material results in 
higher frequency, lower amplitude standing waves. 
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Figure 5.8. Cone deformation pattern for a) E = 4xl09 N/m2 b9 E = 7x10' N/m2 
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The effect of this resonant behaviour on the on-axis sound pressure response is shown in 
Figure 5.9. Although the greater stiffness of the cone with larger Young's modulus 
results in a lower amplitude of cone deformation, the magnitude of the ripple in the 
sound pressure response is slightly increased in magnitude with increasing Young's 

modulus. Thus, when the cone stiffness is increased, all resonant frequencies are 
similarly increased, but the magnitude of the sound pressure created at each resonant 
frequency is more pronounced. This results in higher magnitude ripple in the on- and 
off-axis sound pressure response. 

Further, the increased stiffness of a cone with higher Young's modulus increases the 
first longitudinal antiresonant frequency, thereby extending the bandwidth of the 
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loudspeaker, both on- and off-axis. This is shown in Figure 5.10, where the directivity 
of the sound radiation is shown in a 3D polar sound pressure frequency response plot. 
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Figure 5.9. On-axis far-field sound pressure responses for E = 4XI09 N/m2, E = 1xl09 N/m2 
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As increasing the stiffness of the cone material has a very similar effect as decreasing its 
density, loudspeaker cones manufactured from light, stiff materials possess higher 
resonant frequencies and a higher bandwidth than dense, floppy cones. Consequently, a 
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light, stiff loudspeaker cone (large value of ¾) can be used to higher frequencies 

before it begins to break up. However, once break-up begins to occur, the magnitudes of 
the undesirable resonant peaks in the axial admittance and sound pressure responses 
become more pronounced. For this reason, light, stiff materials often require 
considerable additional damping in order to absorb some of the resonant energy and 
diminish the effect of the high frequency, high Q resonant peaks. 

Materials such as Kevlar, carbon fibre, and aluminium all posses a high value of ¾ , 
and a high degree of flexural rigidity. Although cone drivers manufactured from such 
materials vibrate in a piston-like motion to relatively high frequencies, they commonly 
require a sharp electrical crossover or notch filter to reduce the effect of resonant peaks 
once break.up begins to occur. 

Summary 

Increasing Young's modulus: 

• Shifts all bending resonant frequencies to a higher frequency according to equation 

5.4. 

• Shifts the first longitudinal antiresonance to a higher frequency, thereby extending 
the bandwidth of the loudspeaker. 

• Slightly increases the magnitude of the ripple in the sound pressure frequency 

response. 
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5.2.3 POISSON'S RATIO 

The value chosen for Poisson's ratio, v, also has an effect on the shape of the Ya.r 
frequency response. The value of Poisson's ratio was varied from 0.1 to 0.4 and the 
following axial admittance response derived: 
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Figure 5.11. Calculated Y., frequency response of axisymmetric cone as Poisson's ratio vis varied 
from 0.1 ➔ 0.4. 

Figure 5.11 indicates that the value of Poisson's ratio has only a slight effect on the 
frequency of bending modes, but a considerable effect on the frequency of longitudinal 
modes. The longitudinal mode frequency dependence is of the form: 

1 
f longitudinal oc ~ 

vl-v-
(5.5) 

By altering the value of Poisson's ratio, the position of the longitudinal mode relative to 
the bending modes can be specified. Thus by observing the shape of the motional 
impedance response near the onset of longitudinal resonance, the best value of Poisson's 
ratio can be determined. 

The frequency dependence of the first longitudinal antiresonance on Poisson's ratio also 
implies that the upper limit of the sound pressure response will be affected by the value 
of v. However, the increased value of Poisson's ratio also causes a more pronounced dip 

at the onset of longitudinal resonance. This becomes more evident if the axial 



admittance response at v = 0.1 and V=0.4 are plotted together, as in Figure 5 .12. 
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Figure 5.12. Modelled Y., response for v=O.J, v=0.4 
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Increasing the value of v shifts the longitudinal antiresonance to a higher frequency, and 

thus would seem to imply an increased bandwidth for the loudspeaker. Conversely, the 
magnitude of bending resonances in the axial admittance curve at high frequency is 
diminished for large v, implying a smoother radiated sound pressure above f1ar 

The cone deformation patterns (Figure 5.13) similarly show that the shapes of cone 
bending modes are unchanged by the value of Poisson's ratio. Figure 5.13 also 
illustrates that the onset of longitudinal resonance results in a greater longitudinal 
motion of the cone above f,,,r This is depicted in Figure 5 .13 b) by the overall lighter 
colour of the displacement pattern at high frequency. Again, this increased longitudinal 
motion above f1a1 implies a rapid high frequency drop off in sound pressure. 

The modelled on- and off-axis sound pressure responses for v = 0.1 and 0.4, shown in 

Figure 5.14 and Figure 5.15 confirm these assumptions. 
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Figure 5.13. Cone deformation patterns for a) v= 0.1, b) v= 0.4 
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Figure 5.14. On-axis far-field sound pressure responses for v = 0.1, v = 0.4 
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a) 

Figure 5.15. 3D Polar sound pressure frequency response plots for a) v= 0.1 b) v= 0.4 

Figures 5 .14 and 5 .15 indicate that the features in the sound pressure response caused 
by bending modes are only slightly dependent on the value of v. Moreover, the high 

frequency decrease in sound pressure due to the excitation of the first longitudinal 
antiresonant mode is greater, and shifted to a higher frequency. Thus, a large Poisson's 
ratio leads to an increased bandwidth for the loudspeaker, but greatly diminished output 

above the onset of longitudinal antiresonance. 

Summary 

Increasing Poisson's ratio: 

- Moves bending modes to a slightly higher frequency 

- Slightly extends the bandwidth of the loudspeaker 

- Diminishes output above the onset of longitudinal antiresonance 
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5.2.4 DAMPING 

As the cone material damping ratio q determines the degree to which travelling wave 

energy is absorbed by the cone material (refer Chapter 3), cone behaviour should be 
strongly dependent on the choice of q. In this section, we consider the effect of the 

overall material damping ratio on the resonant behaviour of the loudspeaker cone. 

By varying q from 0.001 ➔ 1, the following 3D axial admittance frequency response 

versus damping ratio plot was generated. 

(m/N.s) 

Frequency (Hz) 

Figure 5.16. Calculated Y., frequency response of axisymmetric cone as damping ratio is varied 
from 0.001 - 1. 

Figure 5.16 demonstrates that frequencies of all bending and longitudinal standing 
waves are independent of the damping ratio. Clearly, a highly damped loudspeaker cone 
material is extremely desirable, from the point of view of achieving a smooth axial 
admittance response, and consequently a smooth sound pressure response. If the 
loudspeaker cone were completely damped (an impossibility in practice), the cone 
would behave as a point mass, and the Ya.t response would consist of a steady -

20db/decade slope. 
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Figure 5.17. Modelled Y., response for q = 0.01, q = 0.05, ~ = 0.3 
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Figure 5.17 verifies that increasing the damping ratio has the principal effect of 
diminishing the amplitude of bending resonances and antiresonances. At ~ = 0.05, the 

amplitudes of bending features in the Y ar response are greatly diminished in comparison 
toe= 0.01. However, the frequencies of the natural modes of the loudspeaker cone are 
independent of the value of e. 
Increasing e further essentially removes all bending resonant features from the Y.,. 

response. Yet, the cone still undergoes some flexing motion, as the displacement of the 
outer edge lags that of the inner edge. The cone deformation plots for e = 0.01, 0.05 and 

0.3 are illustrated in Figure 5.18. 

When e = 0.01, (Figure 5.18a) the bending mode shapes are clearly visible. The onset of 
longitudinal antiresonance is apparent at f,=12500 Hz. When the damping ratio is 

increased to 0.05 (Figure 5.18b), the standing wave amplitude is significantly 
diminished, but the positions of nodes and antinodes for each resonant mode are 
unaffected. Although increasing the damping ratio further to e = 0.3 results in the cone 

motion being almost uniform, even this very highly damped cone exhibits a little 
flexing motion. 
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Figure 5.18. Cone deformation plots for a) q = 0.Ql b) q = 0.05 c) q = 0.3 
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When the sound pressure response is plotted for i; = 0.01, 0.05 and 0.3 (Figure 5.19), 
the effect of i; on the smoothness of the sound pressure response is evident. 
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Figure 5.19. On-axis far-field sound pressure responses for~= 0.01, 0.05 and 0.3 

Figure 5.19 confirms that increasing the damping ratio of the cone material has the 
desirable effect of smoothing the on axis sound pressure response. In general, when the 
damping ratio is ~ 0.1, the sound pressure ripples caused by bending resonances 

disappear. 

The off-axis sound pressure response is similarly affected by an increase in damping 
ratio, as shown in Figure 5.20. The polar sound pressure response plot of Figure 5.20b) 
is comparatively smooth, both on and off axis. When the loudspeaker is exhibiting very 
little flexure, the overall shape of the polar sound pressure response plot is primarily 
determined by the geometry of the cone, rather than cone break-up. 



118 Chapter 5: Regulating Loudspeaker Cone Resonance 

20 

Figure 5.20. 3D Polar sound pressure response plot for a) q= 0.05 b) q= 0.3 

While the damping ratio is essentially a property of the material itself, the damping 
qualities of polypropylene can be improved by "doping" the cone material with agents 
such as talc or mica. Doping the cone material with a damping agent may well also have 
an effect on other material properties such as Young's modulus and mass density. 

Similarly, cones manufactured from stiff, light materials such as Kevlar can be coated 
with a substance that offers additional damping and helps to diminish the effect of the 
high frequency, high magnitude resonances of such materials. 

Summary 

Increasing the cone material damping ratio 

• Diminishes the magnitude of bending modes and thereby smoothes the 
loudspeaker's sound pressure response. 
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The geometry of a loudspeaker cone (shape, size, thickness etc) has a considerable 
influence on the characteristics of the loudspeaker. The majority of published research 
considers the characteristics of straight-sided cones and draws general conclusions 
regarding the dependence of loudspeaker characteristics on cone geometry. In particular, 
Frankfort [6] considers the influence of the inner radius, outer radius, meridional length, 
thickness, and apex angle of a straight sided cone on its sound pressure, sound power 
and directivity characteristics. Frankfort's results are somewhat limited, as particular 
emphasis is placed on the dependence of longitudinal resonant behaviour on cone 
geometry, and bending mode behaviour is not considered in detail. 

Geaves [30] applies an iterative design optimisation technique to design an optimal 
loudspeaker cone response, with the smoothness of the on-axis sound pressure response 
as the design criteria. This is achieved by repeatedly altering the cone geometry and 
thickness profile via an evolutionary process, until an optimal response is attained. In 
his particular case, the optimal response was achieved with a cone thickness that 
linearly varied between 0.277mm at the inside edge to 0.352mm at the outside edge of 
the cone. 

In this section, the effect of the cone thickness and thickness profile on the resonant 
behaviour of cone C is further explored. Although the exact effect of other geometrical 
factors ( cone shape etc) will not be considered here, further research in this area is 
required. In general, loudspeaker system manufacturers are only able to specify the size 
and thickness of loudspeaker cones when purchasing from cone suppliers. The cone 
shape (i.e. radii of curvature of convex cone) is usually predetermined by the supplier. 

The loudspeaker cone's thickness and thickness profile (that is, variation of thickness 
between inner and outer edges) have an important influence on its natural frequencies. 
The loudspeakers considered in this thesis are vacuum-formed from sheet 
polypropylene to the specific shape defined in Section 4.3.1. The thickness of the 
polypropylene sheet used has a considerable effect on the measured Zmo, and sound 

pressure level characteristics of the loudspeaker. Further, even nominally identical 
loudspeakers, vacuum formed from the same polypropylene sheet, can exhibit different 
thickness profiles, and consequently possess a slightly different series of resonant 
frequencies. 

In Section 5.3.1 the loudspeaker cone is assumed to have a constant thickness profile. 
By varying the thickness of the cone material, the thickness dependence of the natural 
resonances of the cone is demonstrated. Section 5.3.2 considers the behaviour of a 
loudspeaker with a non-uniform thickness profile, while Section 5.3.3 examines the 
effect of selectively changing the thickness of the elements making up the FE model of 
the loudspeaker cone. 
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5.3.1 TmCKNESS 

Assuming the thickness of a loudspeaker cone is constant, its effect on the Y tu response 
can be determined. By varying the cone thickness t between 0.2mm - 0.5mm, the 
following 3D Y tu versus t response was generated. 
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Figure 5.21. Calculated Y.., frequency response of uniform thickness axisymmetric cone as cone 
thickness is varied from 0.2mm - 0.5mm. 

Figure 5.21 demonstrates that the frequency of bending modes increases with increasing 
cone thickness, as the added thickness of cone material helps to resist the onset of cone 
break-up. The exact nature of the dependence of the bending mode frequencies on the 
thickness of the loudspeaker cone is not as simple as their dependence on the mass 
density, Young's modulus, or Poisson's ratio of the cone. 

The magnitude of bending mode features on the Y tu response also increases with 
increasing cone thickness, suggesting more pronounced ripple in the sound pressure 
response. Additionally, extra cone thickness results in higher total mass, lowering the 
mean value of the Y,.. response. This is shown in Figure 5.22, where the Y .... responses 
for cone thickness = 0.2mm and 0.5mm are plotted. 
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Figure 5.22. Modelled Y., response for cone thickness= 0.2mm, 0.5mm 

The first longitudinal resonant frequency is unaffected by the thickness of the cone, 
implying that the upper limit of the sound pressure response is independent of cone 
thickness. 

The cone deformation plots for cone thickness = 0.2mm and 0.5mm are shown in Figure 
5.23, which illustrates that due to its lower total mass the thinner loudspeaker cone 
vibrates with greater amplitude in response to the lN driving force. Furthermore, the 
nodal lines of each bending resonant mode of the loudspeaker move in towards the neck 
of the cone with increasing cone thickness, while the frequency and shape of the 
longitudinal antiresonance is unaffected. 
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Figure 5.23. Cone deformation patterns for a) Cone thickness=0.2mm b) Cone thickness=0.5mm 
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The effect of cone thickness on the final sound pressure response of the loudspeaker is 
shown below: 

0 -r----------r----"T"""----.-----------------, 

---Thickness= 0.2mm 

· • • • • • Thickness = 0.5mm 
-40 _______ ....._ ___ _._ __ .__,.___..._....__.__,_ ______ ....... 

1000 
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Figure 5.24. On-axis far-field sound pressure responses for cone thickness = 0.2mm, 0.5mm 

Figure 5.25. 3D Polar sound pressure response plot for a) thickness= 0.2mm b) thickness= 0.5mm 

The mean developed sound pressure level generated by the thicker cone is lower than 
for the thin cone, corresponding to a lower efficiency. Although increasing the thickness 
of the loudspeaker cone results in a lower number of resonant features in the sound 
pressure response of the loudspeaker, the magnitude of the undesirable ripple caused by 
bending resonances is increased. The decrease of sound pressure at high frequency 
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caused by the onset of longitudinal antiresonance is unaffected by the cone thickness. 

From the point of view of increased efficiency and lower sound pressure response 
ripple, a thinner cone is clearly preferable. 

Summary 

Increasing the cone thickness: 

- Increases the frequency of bending modes, and thereby decreases the number of 
bending modes causing ripple in the sound pressure response. 

- Increases the magnitude of sound pressure ripple caused by bending modes. 

- Decreases the overall efficiency of the loudspeaker. 

- Moves nodal and antinodal lines in towards the neck of the cone. 

- Has no effect on the bandwidth of the loudspeaker. 
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5.3.2 TmCKNESS PROFILE 

Previously it was noted that the vacuum forming process produces a loudspeaker cone 
that has a characteristic variation in thickness from inner to outer edge. The variation in 
thickness has a strong effect on the shape of the axial admittance response of the 
loudspeaker as would be expected. 

To investigate this effect, the inner edge thickness (t,) of a speaker was held constant at 
0.3mm, while the outer edge thickness (t) was varied between 0.1mm and 0.5mm. The 
thickness of the cone between inner and outer edges was described by a linear 
interpolation between these two extremes. The resulting axial admittance response 
profile is shown as a function of outer edge thickness in Figure 5.26. 
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Figure 5.26. Calculated Y., frequency response of axisymmetric cone (inner edge thickness= 
0.3mm) as cone outer edge thickness is varied from 0.1mm - 0.5mm. The cone thickness is varies 
linearly between inner and outer edges. 

Figure 5.26 shows that the magnitude and frequency of all bending resonances increases 
with increasing t0 , higher order modes being more affected than lower order. This 
implies an increased number of ripples in the sound pressure response, while the 
decreased amplitude of each resonant feature suggests that the sound pressure response 
ripple will have a lower amplitude than for a cone with large t0 • Additionally, the first 
longitudinal antiresonance is decreased markedly in frequency with increased t0 • 
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Figure 5.27. Modelled Y., response for t0 = 0.1mm, 0.5mm 

10000 

Figure 5.27 demonstrates the dependence of Y"' responses on the cone outer edge 
thickness by comparing the Y"' responses for t0 = 0.1 mm and t0 = 0.5mm. 

The mode shape, and cone displacement pattern is particularly affected by the thickness 
profile. The effect on mode shape is best displayed by viewing the cone displacement 
mode shapes across the frequency range 100Hz-20kHz for outer edge thicknesses of 
0.5mm and 0.1mm respectively. These plots are shown in Figure 5.28. 

Figure 5.28 confirms that the mode shapes are strongly affected by the cone thickness 
profile. Further, there is a large increase in the number of modes occurring before the 
onset of longitudinal antiresonance, when the cone has a thin outside edge. It is also 
evident that the nodal and antinodal lines for each mode are moved outwards with 
decreasing outer node thickness. 
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Figure 5.28. Cone deformation patterns for a) t, = 0.3mm, t0 = 0.1mm b) t, = 0.3mm, t0 = 0.5mm 
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The effect of cone thickness on the sound pressure response of the loudspeaker is shown 
in Figure 5.29 and Figure 5.30, where Pax is shown for outer cone thickness = 0.1mm 
and 0.5mm. Although the cone with thinner outer edge possesses a much greater outer 
edge displacement, the overall sound pressure response of the cone is smoother. Further, 
the reduction of mass near the outer edge significantly diminishes the magnitude of the 

sound pressure peak caused by the first bending mode. This effect is considered further 
in the next section. 
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Figure 5.29. On-axis far-field sound pressure responses for t0 = 0.1mm, 0.5mm 

Figure 5.30. 3D Polar sound pressure response plot for a) t0 = 0.2mm b) t0 = 0.5mm 
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The cone thickness profile does not appear to cause any significant change in the 
overall shape of the polar sound pressure response plot. 

Evidently, a cone with a thin outside edge possesses many more ripples in its sound 
pressure response profile, although these resonances are much less pronounced than for 
a cone with a thicker outside edge. The high frequency limit caused by the onset of 
longitudinal antiresonance is also increased with decreasing outer edge thickness. 

Summary 

Constructing a loudspeaker with a thinner outside edge 

• Moves the first longitudinal antiresonance to higher frequency, thereby extending 

the bandwidth of the loudspeaker cone. 

• Increases the number of ripples in the sound pressure response. 

• Diminishes the amplitude of ripples in the sound pressure response. 
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5.3.3 CHANGING THE TIIlCKNESS OF CONE ANNULI 

Thinning one element 

Section 5.3.2 demonstrated that the thickness profile of the loudspeaker cone has a 

strong influence on the frequencies and amplitudes of the natural modes of a 
loudspeaker cone. It was confirmed that a loudspeaker cone with a thinner outer edge 
has more sound pressure ripples, but overall possesses a smoother sound pressure 

response. This section examines the effect of individually thinning the annuli formed by 
elements 3 (near the inner edge) to 31 (at the outer edge) of an axisymmetric cone 

model. 

Beginning with a 2D FE model of loudspeaker C, the thickness of each element was 
selectively reduced to 0.15mm, and the Yar response calculated. The resulting Yar 
responses are shown below. The y-axis (out of the page) represents the number of the 

thinned element. (refer Figure 4.5). 
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Figure 5.31. Calculated Y., frequency response of axisymmetric cone as the thickness of each 
element is selectively reduced to 0.15mm. 

Figure 5.31 illustrates that thinning one of the thirty-one elements that make up the 2D 
FE model can have a considerable effect on the Y ar response of the loudspeaker. The Y ar 

response is almost unchanged when elements nearer the neck of the cone ( e.g. element 
3) are thinned, but thinning elements nearer the outer edge of the cone (element 31) 
results in a shift of the cone's resonant frequencies. 
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The characteristics displayed in Figure 5.31 can be explained by considering the 
deformation shape of a normal loudspeaker cone, as in Figure 4.15. Figure 4.15 can be 
partly summarised by determining the node of the FE model that vibrates with 
maximum displacement at any particular frequency, and plotting it as a function of 
frequency, as in Figure 5.326• 
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Figure 5.32. Node of maximum displacement and axial admittance versus frequency. 

Figure 5.32 demonstrates that the outer edge of the cone (node 32) vibrates with 
maximum displacement until the driving frequency is slightly less than 3.4kHz. The 
point of maximum displacement displays an overall movement towards the centre of the 
cone (i.e. the node number decreases) with increasing frequency. In general, the point 
of maximum deformation corresponds to the position of the innermost bending 
an tin ode. 

When an element is thinned, as in Figure 5.31, the resonant mode that excites the 
maximum displacement amplitude of that part of the cone is affected the most. 
Consequently, thinning the loudspeaker cone near the neck has no effect on the Y,... 
response until high frequencies are reached, as it is only at high frequency that the 
innermost antinode reaches that part of the cone. Thus, by thinning the cone at a point 
corresponding to the innermost antinode of a resonant mode, that mode's frequency and 
amplitude can be "tuned." 

The effect of thinning one element can be illustrated by considering two specific 
examples. Figure 5.32 indicates that when the third bending resonance is excited (f = 

6 The axial admittance response for Cone C is also reproduced, to allow the resonant modes to be 
identified. 
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5.2kHz), element 20 vibrates at maximum amplitude. Similarly, when the fifth bending 
resonance is excited (f = 9.5kHz), element 10 vibrates with maximum amplitude. 

Consequently, thinning the loudspeaker cone at the position of element 20 will primarily 
affect the fifth bending resonance, and thinning the cone at element 10 will affect the 
third bending resonance. 

This is demonstrated in Figure 5.33, which plots the Y ... responses for FE models with 
elements 10 and 20 thinned individually. The Y.,. response for cone C is shown as a 

reference. 
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Figure 5.33. Y., responses for cone C; Element 10 thickness= 0.15mm; Element 20 thickness= 
0.15mm 

Figure 5.33 indicates that thinning element 10 has no effect on the Y ... response until the 
fifth bending antiresonance is excited. The height of the ripple in the Y"" curve is 
lowered near the fifth bending antiresonance, as is its frequency, and all subsequent 
modal frequencies. Similarly, Figure 5.33 indicates that thinning element 20 has a 
strong effect on the Y"" response near the third resonance, decreasing the magnitude of 
ripple in the Y... curve near the second bending antiresonance and third bending 
resonance. Further, the second bending antiresonance and all subsequent bending modes 
are lowered in frequency. 

The Y ... response is plotted as a function of the thickness of elements 10 and 20 in Figure 
5.34 and Figure 5.35 respectively. Figure 5.34 illustrates that the first five resonances 
are unaffected as element lO's thickness is decreased, while the sixth resonance (and 
subsequent resonances) are reduced in frequency as element 10 is thinned. Likewise, 
Figure 5.35 indicates that the first two resonant frequencies are unaffected by thinning 
element 20, but the third order mode is significantly lowered in frequency. 
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Figure 5.34. Y., response as the thickness of element 10 is varied from 0.1mm ➔ 0.5mm 
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Figure 5.35. Y,.. response as the thickness of element 20 is varied from 0.1mm ➔ 0.5mm 

Thus, any resonant mode (and higher order modes) can be lowered in frequency and in 
magnitude by making the loudspeaker cone thinner at the point of maximum 
displacement for that mode. 
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This technique is similar to that often employed by bell manufacturers to tune the 
natural harmonics of bells into a consonant series. While this technique does allow the 
resonant frequencies of loudspeaker cones to be tuned, the overall smoothness of the 

sound pressure response is largely unaffected. 

Thickening one element 

It was shown in Section 4.5.4 that adding mass to the outside edge of the cone (in the 

form of a rubber ring overlapping the edge of the cone) moved the ring antiresonance to 
a significantly lower frequency. The other natural frequencies of the cone were also 
slightly lowered. 

This effect can be explored in more detail if the thickness of each element is selectively 
increased. In Figure 5.36, the Y"" response of cone C is plotted as the thickness of each 
element is selectively increased to 2.5mm. The y-axis ( out of the page) represents the 

number of the thickened element. 

5 

10 

15 
Thickened 
element 20 

25 

30 

Frequency (Hz) 

10' 

Figure 5.36. Calculated Y., frequency response of cone C as the thickness of an element is 
selectively increased to 2.5mm. 

Figure 5.36 suggests that the modes most strongly affected by adding mass to a cone 
element are those with innermost antinode corresponding to the thickened part of the 
cone. In this case, the effect of adding mass is to accentuate the corresponding resonant 
feature in the Y"" response, and move it to a slightly higher frequency, while lower order 
modes are diminished in amplitude. This is demonstrated in Figure 5.37 where the Y"" 
response is shown for cone C with a) element 10 and b) element 20 individually 
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increased in thickness to 2.5mm. 
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Figure 5.37. Y.., response for cone C; Element 10 thickness=2.5mm; Element 20 thickness=2.5mm 

Figure 5.37 illustrates that increasing the mass of element 10 has the effect of greatly 
accentuating the sixth bending resonance (the innermost antinode of the sixth bending 
resonance lies near element 10). The mean value of the axial admittance near the third, 
fourth and fifth bending resonances is lowered, although the height of the resonant 
peaks is unaffected. As the thickness of element 10 is increased (Figure 5.38), the height 
of the sixth resonance increases, and consequently begins to dominate the Y ... response. 
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Figure 5.38. Y .. response as the thickness of element 10 is varied from 0.5mm ➔ 2.5mm 
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Figure 5.37 also indicates that adding mass to element 20 has the effect of accentuating 
the third bending resonance (the innermost antinode of the third bending resonance lies 
near element 20). The magnitude of the second resonance is also diminished; the third 
bending resonance dominates the Y tU response. 

The effect of adding or removing mass from an element of the FE model also has an 
effect on the mode shapes. Consider for example Figure 5.39, which shows the third 
resonant mode shape (innermost antinode = element 20) as the thickness of element 20 

is changed. 

---Undeformed cone shape 
· • • • • • Element 20 thickness= 0.15mm 
---Element 20 thickness= 0.5mm 
- • • - Element 20 thickness= 2.5mm 

Figure 5.39. Third mode shape for element 20 thickness= 0.15mm, 0.5mm, 2.5mm 

When the thickness of the innermost antinode is increased, the increased inertia of the 
antinode lowers its amplitude. However, the inner piston-like portion of the cone 
vibrates with lower amplitude than normal, resulting in a lower axial admittance for that 
mode. 

Conversely, if the thickness of the cone is decreased at the innermost antinode of a 
resonant mode, the cone displacement will be increased at that point, due to the reduced 
inertia of the antinodal element. This results in the inner piston-like portion of the cone 
vibrating with greater amplitude than previously, implying an increased axial 
admittance and sound pressure for that resonant mode. 



137 

Summary 

The effect of thinning the annulus formed by one ax.isymmetric element can be 
summarised as follows: 

- All modes with innermost antinode closer to the outside edge of the cone than the 

thinned element are unaffected by the thinned element. 

- All modes with innermost antinode closer to the centre of the cone than the thinned 

element are shifted to a lower frequency. The magnitude of the peaks and dips in the 
Y tu response associated with such modes is diminished. 

The effect of thickening the annulus formed by one ax.isymmetric element can be 
summarised as follows: 

- The mode with innermost antinode corresponding to the thickened element will be 
accentuated on the Y a.r response. 

- The lower order modes are diminished in amplitude 

Using these guidelines, the relative magnitudes and frequencies of bending resonances 
and antiresonances can be "tuned" by lowering or increasing the thickness of certain 

parts of the loudspeaker cone. 

Increasing the thickness of the loudspeaker cone at a particular element has a similar 

effect as simply adding mass to that part of the cone. This is most easily achieved by 

gluing a rubber ring to the rear surface of the driver. However, if the ring is made of 

highly damped material, similar to that used for the surround, the situation is somewhat 

more complicated. Rather than accentuating that resonant mode, the mode may be 

diminished by the additional damping offered by the rubber ring, as suggested by Heed 

[29]. 

While specific resonances can be accentuated or diminished through changing the 

thickness profile, the overall smoothness of the axial admittance/sound pressure 

response is not greatly affected. Nevertheless, if resonant modes measurably affect the 

sound pressure response of a loudspeaker design, this technique at least allows the 

designer some control over their frequency and amplitude. 
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5.4 CONCLUSION 

This chapter has considered the effect of material properties and cone thickness on the 
resonant characteristics of a 6½-inch convex loudspeaker cone, without an outer 

surround attached. These results suggest the following conclusions: 

Maximising bandwidth 

The bandwidth of a loudspeaker of fixed shape and size is best extended by choosing 
light, stiff materials (i.e. with a high ratio of E/ p ). However, maximising E/ p will 

also shift the bending resonances of the cone to a higher frequency, and increase the 

magnitude of ripple in the sound pressure response. 

A high bandwidth can also be achieved through maximising Poisson's ratio. 

Resonant frequencies. 

The closeness of spacing of resonant frequencies can be minimised by reducing the 

cone thickness, which also results in lower magnitude sound pressure ripple. The 

relative spacing of bending resonant frequencies can also be altered by adjusting the 

cone thickness profile. Selectively thinning or thickening parts of the loudspeaker cone 
changes the shape of the Yax response, allowing specific resonant modes to be 

accentuated or diminished. 

Minimising sound pressure ripple 

The sound pressure ripple caused by resonant modes can be minimised by increasing 

the damping ratio of the cone material. This is commonly achieved by doping the cone 

material with a damping agent or coating the cone surface with a highly damped 

substance. (The damping contributed by the surround also has a very strong influence, 

as noted in Chapter 4.) 

The amplitude of sound pressure ripple can also be minimised by decreasing the 

thickness of the cone, or by designing a cone with a thinner outside edge. This has the 

added benefit of increasing the efficiency of the cone, as the total moving mass is 

decreased. 



CHAPrER6 

THE EFFECT OF CONE SLOTS ON LoUDSPEAKER 
REsONANCE 

6.1 OVERVIEW 

This chapter considers the effect of cutting narrow slots through the surface of a 
loudspeaker cone. The rationale for this research is outlined in Section 6.2, along with a 
brief description of the process followed to generate the modelled results considered in 
this chapter. 

Section 6.3 considers the effect of radial cone slots (that is, slots lying along the 
meridional lines, between the inner and outer edges of the cone) on the resonant 
behaviour of the loudspeaker. The Y a.r response and mode shapes of a radially slotted 
cone are calculated and summarised. The effects of varying the length, number and 
position of the cone slots are also considered. 

In Section 6.4, the slots are rotated so that they lie at an angle to the meridional lines of 
the cone. This changes both the shape of the Y"" response and the nature of cone 
resonance. The effects of changing the length and angle of the angled slots are also 
determined. 

Reducing the length and increasing the number of slots results in a "ring of slots", that 
can be used to "tune" any particular natural resonant mode of an axisymmetric cone. 
This method is briefly summarised in Section 6.5. 

Finally, a cone design with three angled slots is implemented and measured in Section 
6.6, confirming the predictions of the FE model. A technique of sealing over the cone 
slots with lightweight stickers is proposed and briefly investigated. 
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The cone slotting technique is summarised and conclusions are drawn in Section 6.7. 

6.2 INTRODUCTION 

It has long been understood that standing waves set up between the inner and outer 

edges of a loudspeaker cone are a fundamental cause of ripple in the loudspeaker's 

sound pressure response. 

Consequently, cutting slots in a loudspeaker cone has been suggested as a means of 
precluding the formation of concentric standing waves on the cone, and thereby 

smoothing the sound pressure response of the loudspeaker. This theory is explored in 
this chapter by means of a full three-dimensional finite element model of a "slotted" 

loudspeaker cone. 

A three-dimensional finite element model of a loudspeaker cone was initially designed 

and calibrated to loudspeaker cone C's material properties, as described in Chapter 4. 
This model was then used as a basis for experimenting with different slot designs. 

Slots were introduced into the three-dimensional cone model by defining "forming" 
blocks that protruded through the surface of the cone. Subsequently, the blocks were 
subtracted from the cone shell using Boolean operations, leaving behind a "slotted" 
loudspeaker cone. Figure 6.la) shows a view of a typical slotted cone with one of the 

forming blocks still in place. 

a) 

Y., calculation 
node 

i 
b) 

Figure 6.1. 3D cone model with three angled slots. a) The blocks used to create the slots protrude 
through the surface of the cone. b) Rear view of the loudspeaker cone, showing slot geometry. 

Cone slots are defined in terms of their length R. , angle with the meridional line 0, and 

their position on the cone. All cone slots have a nominal width of 1mm, which is large 

enough to prevent the edges of the slot coming into contact with each other when the 
cone is vibrating. While it is likely that significantly increasing the width of the slot 
beyond 1mm would further alter the resonant behaviour of the loudspeaker cone, this 

investigation is restricted to describing the effect of narrow slots (length >> width), and 
thus the effect of slot width is not considered. 
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Prior to the subtraction of the forming blocks, a mesh density of 31 elements per 
meridonal line (as for a 2D model), and 36 elements per azimuthal line (10° angular 

element resolution) is specified. After the forming blocks are subtracted, the standard 
ANSYS auto-meshing algorithm is utilised to mesh the model using a combination of 
quadrilateral and triangular SHELL63 elements. The meshing algorithm automatically 
adjusts the element density and distribution during the meshing process, in order to 
meet the default ANSYS element size and aspect ratio criteria. In general, this process 
results in a rotationally symmetric element distribution (approximately 1500 elements 
and nodes) with a finer mesh density near the edges of the slots. 

The innermost nodes of the cone were constrained to axial motion, with an axial force 
of magnitude of IN, and the Y"" response calculated for 100 linearly spaced frequencies 
in the range I 00Hz -1 0kHz. 

The vector displacement and colour contour plots of Section 6.3 demonstrate that for 
radial-slot models, the inner neck of the cone moves as a rigid body, with the nodes 
around the neck moving with almost equal amplitude and phase. Even in the worst-case. 
radial slot model (9 44mm slots, Section 6.3.3), the variation in the displacement of 
innermost nodes was less than ±1 % from the mean displacement. For angled slot 

models, the variation in inner-node displacement was up to ~ 10% particularly at higher 
frequencies, and when the inner end of the slot was close to the neck of the cone. 

In each slot design considered, the chosen node was one that lay along the meridional 
line that passed through the centre of one of the cone slots, as shown in Figure 6.1 b ). 

In previous sections, FE results were calculated for frequencies up to 20kHz. However, 
in order to reduce the total processing time, we restrict our examinations in this section 
to a bandwidth of lOkHz. This is appropriate, as the loudspeaker's sound pressure 
radiation is strongly rolled-off at high frequency by the mass of the voice coil, despite 
the resonant behaviour of the cone itself. 

All calculations were performed on a WindowsNT 3.51 workstation (Pentium 133), 
which took approximately 6 minutes to find the finite element solutions for all nodes at 
each frequency considered. Thus, the total processing time required to solve one FE 
model for 100 frequencies is approximately 10 hours. 

It was beyond existing monetary and processing constraints to calculate the sound 
pressure response radiated by any of the three dimensional cone designs. This is 
regrettable, but unavoidable, as the calculation time for even one frequency is of the 
order of hours. 

However, the "smoothness" of the on-axis sound pressure response of a slotted cone can 
be estimated from the smoothness of its Y"" response. This is certainly the case for 
axisymmetric cones, as the results of Chapters 4 and 5 show. The measured Zmo, and 
sound pressure responses presented in Section 6.6 vindicate the assumption that there is 
also a close relationship between Y"" (and Z,.J and sound pressure for a slotted 
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loudspeaker cone. 

Admittedly, this assumption may not be valid for sound pressures not measured directly 
in front of the loudspeaker, and thus few conclusions can be made about the off-ax.is 
response of a slotted loudspeaker. This area warrants further research, particularly as the 
processing power of desktop computers increases to the extent that quickly solving the 
sound pressure response of such large models becomes more practical. 

The results in this chapter are presented by means of the Y"" response for lOOHz- lOkHz 
and the mode shapes at significant resonant frequencies in this range. This allows the 
behaviour of slotted loudspeaker cones to be qualitatively understood, and allows their 
sound pressure responses to be predicted. 

Hereinafter, the Y cu response and mode shape results for loudspeaker cone C are often 
referred to as the "normal" results, as they are indicative of the characteristics of a 
typical ax.isymmetric loudspeaker. The normal resonances and antiresonances of cone C 
are referred to using the notation of Figure 4.10. By comparing the mode shapes of 
slotted cones with those of cone C, a qualitative description of slotted cone resonance is 
given. 

6.3 RADIAL SLOTS 

Radial slots correspond to the case where 0 = 0 and consequently lie along the 

meridional lines of the cone as shown in Figure 6.2. 

cone "leaf' 

a) b) 

Figure 6.2. a) Cone FE model with 18 44mm slots. b) Slot geometry 

By beginning with a FE model consisting of 18 radial slots, the resonant behaviour of a 
radially slotted cone is characterised in terms of its Y"" response and mode shapes at 
significant modal frequencies. The effect of changing the length of the cone slots by 
moving the slot's inner and outer ends, and the effect of changing the number of slots is 
considered and summarised. 
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6.3.1 CHARACTERISING RADIAL SLOT RESONANCE 

In order to characterise the effect of radial slots on the YIU response of cone C, eighteen 

44mm long, 1mm wide slots were introduced into the three-dimensional cone model. 

The slots were cut from the middle of element four to the middle of element twenty

eight, as shown in Figure 6.2. Essentially, the loudspeaker cone model now consisted of 

an inner and outer annulus connected by eighteen relatively compliant "leaves" of cone 
material. 

The axial admittance response of this design is shown in Figure 6.3 with the frequency 
axis drawn on a linear scale to enable the features of the YIU responses to be easily 

observed. 
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Figure 6.3. Y., response for cone with 18 44mm radial slots as in Figure 6.2 

Figure 6.3 confirms that radial cone slots have a significant effect on the shape of the YIU 
response. The series of resonant frequencies that previously characterised the response 

of cone C are replaced with a different set of resonances and antiresonances. 

For f < 4kHz, the radially slotted cone exhibits several modes not present in the YIU 
response of cone C. While the first bending antiresonance of cone C is not excited until 
f = 2.6kHz, the model with radial cone slots exhibits resonant behaviour at frequencies 

as low as f = 600Hz. For f > 4kHz, cone C exhibits a number of higher order bending 

resonant modes which are absent from the response of the radially-slotted model, as the 

axial admittance decreases at a rate inversely proportional to frequency. 

The exact nature of the resonance of a radially slotted loudspeaker cone can be outlined 

by considering the colour contour and vector displacement plots at the frequency of 
each Y""' resonant feature. The resonant and antiresonant frequencies of the radially 
slotted loudspeaker are identified in Figure 6.3 by letters A-G. The plots for the first 
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two resonant features, denoted A and B on Figure 6.3 are shown in Figure 6.4. 

a) antiresonance A = 600Hz 

b) resonance B = 680Hz 

Figure 6.4. Colour contour and vector displacement plots for cone with 18 44mm slots at a) 
antiresonance Ab) resonance B. 

Figure 6.4 shows that antiresonance A is caused by a bending standing wave being 
excited in the cone leaves, with wavelength = 2 £ . This mode can be thought of as the 
fundamental bending resonance of the cone leaves. At this quite low driving frequency, 
the loudspeaker has already significantly deviated from piston like behaviour. 

At a slightly higher frequency, (Resonance B) the cone leaves begin to flex more, as a 

second order bending mode begins to be excited down the cone leaves. At 
approximately twice the frequency of the fundamental resonance of the cone leaves, 
resonant features C and D are excited. These modes correspond to the second bending 

cone-leaf resonant frequency, as shown in the colour-contour and vector displacement 

plots of Figure 6.5. 

a) antiresonance C = 1173Hz 



b) resonance D = 1420 Hz 
Figure 6.5. Colour contour and vector displacement plots for cone with 18 44mm slots at a) 
antiresonance Cb) resonance D. 
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Figure 6.5 shows that features C and D are caused by the excitation of a bending mode 
in the cone leaves with one wavelength along each leaf length. At antiresonance C, the 
outer halves of the cone leaves vibrate with maximum amplitude, while at resonance D, 
the inner antinode shows higher displacement. 

At f = 2. 7kHz, antiresonance E and subsequently resonance F are excited. These are 

shown in Figure 6.6. 

a) antiresonance E = 2657Hz 

b) resonance F = 2823Hz 

Figure 6.6. Colour contour and vector displacement plots for cone with 18 44mm slots at a) 
antiresonance Eb) resonance F. 

Modes E and Fare a combination of the third order cone leaf resonance (A= 3£/2) and 

the ring antiresonance shape of a normal cone. The outer edge of the cone moves with 
maximum transverse amplitude, as for fra (Figure 4.14a), which is combined with a 

bending wave motion near the middle of the leaves of the cone. 

Since the azimuthal stress in the cone area between elements four and twenty-eight has 
been relieved by the cone slots, any cone bending motion is opposed largely by the 
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relatively low bending stiffness of the cone material. Thus, these first six cone leaf 
bending modes (A-F) appear at comparatively low frequency, and cause a significant 

change in axial admittance for f < 4kHz. 

At f = 3200Hz, the axial admittance response reaches a local minimum (G), as an 
antiresonant frequency is excited, followed by a very significant resonance (H) at f = 

4kHz. These are shown in Figure 6.7. 

a) antiresonance G = 3153Hz 

b) resonance H = 4060Hz 
Figure 6.7. Colour contour and vector displacement plots for cone with 18 long slots at a) 
antiresonance G b) resonance H. 

Antiresonance G is characterised by a bending standing wave down the leaves of the 

cone, with 1 ½ bending wavelengths between the inner annulus and the outer edge of the 
cone. Thus, this mode corresponds to the third natural frequency of the cone leaves. At 

this frequency, the axial displacement at the inner annulus is almost zero, while three 
antinodal lines form on the leaves of the cone. The maximum transverse displacement 
of the cone occurs at the innermost of these three antinodal lines. 

Resonant frequency H (Figure 6.7b) is a combination of azimuthal stretching motion of 

the outer annulus, and a bending standing wave motion down the cone leaves. For this 
and higher frequencies, the outer circumference of the cone significantly expands and 
contracts with the driving force while a standing wave (A = f. 12) is set up along the 

length of the cone leaves. 

Resonant frequency H marks a transition in the resonant behaviour of the cone. Above 

this frequency, the Yax response of the cone decreases at a rate approximately inversely 

proportional to frequency. The outer annulus of the cone continues to expand and 
contract, and some bending motion of the leaves still occurs while the inner annulus of 
the cone retains its piston-like motion. 
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6.3.2 CHANGING THE LENGTH OF RADIAL SLOTS 

The characteristics of the resonant behaviour introduced by radial slots can be 
illustrated further by considering the effect of cone slots of various lengths on the 
loudspeaker's Ynr response. 

Firstly, the slot length was varied by holding the position of the outer edge of the cone 
slot fixed, and varying the position of the inner edge of the slot, as illustrated in Figure 
6.8. 

a) b) 

Figure 6.8. a) The position of the outer end of the slot is fixed; the length of the slot is changed from 
0mm ➔ 44mm. b) Example: cone slot length= 22mm. 

The cone slot length was varied from 0mm (no slot) to 44mm in steps of 2mm, and the 
Y tU response calculated for 1 OOHz < f < 1 OkHz. The calculated results are plotted in 

Figure 6.9. The bending modes associated with normal loudspeaker cone resonance are 
denoted on the lower plot of Figure 6.9 by their order (1-5), while the resonant 
frequencies caused by radial cone slots are denoted A-Has in Figure 6.3. 
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Figure 6.9. 3D plot of Y., response as cone slot length is varied from O ➔ 44mm. The outer edge of 
the slot is fixed. 

The modes that are associated with bending modes down the length of the cone leaves 
(A-F) are quite dependent on the length of the cone leaves, moving to lower frequency 
with increasing leaf length. In contrast, resonant features G/H move to slightly higher 

frequency with increasing cone leaf length. 

Each normal loudspeaker mode disappears from the YIU response when the inner end of 
the slot lies near its innermost antinode. For example, the second bending resonance (2) 

is not affected by the cone slot until the innermost end of the slot lies near nodal line 25, 
the position of the innermost antinode of bending resonance two. This corresponds to a 
slot length of approximately 6mm. 

Similarly, the third bending resonance (3) disappears from the Y a.r response when the 

cone slot length is approximately 12mm. A slot of 12mm length has its inner end at 
nodal line 21, which corresponds to the innermost antinode for mode 3. 

When the cone slots are lengthened such that the inner end of the slots lies at nodal line 
11 (corresponding to a slot length of 30mm), the first six normal bending resonances 
disappear from the Ya.r response and are replaced by the ring resonance (G,H) and the 
cone leaf resonances. This occurs because the innermost antinode for the 6th bending 
resonance lies at antinodal line 11. 
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The effect of cone slot length can also be illustrated by holding the position of the inner 
end of the slot fixed, and changing the position of the outer end of the slots, as shown in 
Figure 6.10. 

a) b) 

Figure 6.10. a) The position of the inner end of the slot is fixed; the length of the slot is changed from 
0mm ➔ 44mm. b) Example: cone slot length= 22mm. 

The Yax response was calculated with cone slot lengths varying from O ➔ 44mm in 2mm 

steps and is plotted as a function of cone slot length in Figure 6.11. 
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Figure 6.11. 3D plot of YIU response as cone slot length is varied from O ➔ 44mm. The outer edge of 
the slot is fixed 

As previously, the cone slots introduce bending standing waves down the slot leaves, 
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which are shifted to lower frequency with increasing slot length (modes A-D). The 
natural bending frequencies of the cone leaves are higher than previously, as the cone 
slots are closer to the centre of the cone, where the bending stiffness is greater. 

As the cone slot is lengthened, the first natural bending frequency of the leaves is 
excited, perturbing the higher order modes first, as the cone slot moves outwards and 
approaches their innermost antinodes. However, the natural bending modes do not 
entirely disappear; rather, each natural mode re-emerges as the first and then second 
bending modes of the cone leaves become lower in frequency than the natural mode. 
The natural modes are not entirely removed until resonant modes G and H are excited. 

The frequency of resonant features G and H is proportional to the length of the outer 
annulus of the cone. In Figure 6.9, the outer annulus stays the same size as the inner end 
of the slot is moved towards the centre of the cone, and consequently G and H are 
comparatively unaffected by increasing the slot length. In contrast, Figure 6.11 shows 
that resonant modes G and H move to lower frequency as the length of the outer cone 
annulus is decreased. 

6.3.3 NUMBER OF SLOTS: 

The designs considered in Sections 6.3.l and 6.3.2 consisted of 18 radial slots. In this 
section, the influence of the number of slots on the frequency and shape of the resonant 
modes of the cone is briefly considered. In order to detennine the influence of the 
number of radial slots, two further FE models were generated. The first of these models 
consisted of twelve radial slots of length 44mm, the second of nine radial slots of length 
44mm. The Y"" responses of both these models are shown in Figure 6.12. 
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Figure 6.12. Y._. response for cones with 9, 12, and 18 radial slots. Slot length= 44mm. 

Figure 6.12 shows that the resonant features associated with standing waves down the 
length of the cone leaves (A-F) are all moved to higher frequencies as the number of 
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slots is decreased. Decreasing the number of radial slots in the cone has the effect of 
widening the cone leaves, thereby increasing the bending stiffness of the leaves, and 
lowering their natural frequencies. Antiresonance G and resonance H are slightly 
lowered in frequency as the number of slots is increased. 

Decreasing the number of slots to nine also has the effect of dividing resonant features 
C and D into two separate pairs of resonances and antiresonances {I, J, K, L). These 

new modes arise because of the excitation of radial bending motion around the outer 
circumference of the loudspeaker. Figure 6.13 shows the mode shapes of features I and 
K. 

a) antiresonance I = l 630Hz 

b) antiresonance K = l 900Hz 
Figure 6.13. Colour contour and vector displacement plots for cone with 9 47mm long slots at a) 
antiresonance I b) antiresonance K. 

Figure 6.13a indicates that when antiresonance I is excited, the loudspeaker cone moves 

with maximum displacement in the region between the cone slots near the outside edge 
of the cone. The mode shape of antiresonance K (Figure 6.13b), is similar to mode 
shape C for the cone with 18 radial slots (Figure 6.5a), particularly along the length of 
the slot. Although a bending wave is excited along the slot length, with A = f , the 

portion in the middle of the cone leaves moves out of phase with the edges of the cone 
slot. 
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6.3.4 SUMMARY: 

The effect of radial cone slots on the resonant behaviour of a normal loudspeaker cone 
can be summarised as follows: 

The nth bending mode of a normal loudspeaker cone is affected when the cone slot's 

inner end lies closer to the centre of the cone than the innermost antinode for mode 
n. 

Bending standing waves along the cone "leaves" introduce new resonant features to 
the Y ar response. These frequencies increase with decreasing slot length. 

The Y a.r response reaches an overall maximum at resonant frequency H, the 

frequency of which increases with the length of the outer annulus of the cone. This 
mode shape is characterised by the entire outer cone annulus stretching and 
shrinking in response to the driving force, combined with a bending wave motion 
down the cone leaves. 

If the nth bending mode of a normal cone is of lower frequency than mode H, it is 

diminished, rather than removed by the cone slots. 

When the cone slots are long, the frequency of mode H is minimised. In this case, 
the natural resonances of the cone disappear from the Y a.r response, which decreases 
at a rate proportional to frequency. 

Decreasing the number of slots increases the frequency of standing waves down the 
cone leaves, and introduces radial modes around the outer edge of the cone. 

Although radial slots have an interesting effect on cone motion, and greatly alter the Ya.r 
response and mode shape of a cone, they do not produce a smooth, uniform Yax 
response, particularly in the critical range f < 4kHz. In general, the on-axis sound 
pressure of a cone follows the same trend as its Y... response, and thus the sound 

pressure of a radially slotted cone would be far from desirable. 

While the smooth decrease in Y a.r for f > 4kHz implies a smooth, desirable roll-off in 

sound pressure at these frequencies, this characteristic is more than off-set by the 
undesirably large peaks and dips in Yax caused by bending modes A-F. 
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6.4 ANGLED SLOTS 

This section considers the effect of angled cone slots on the nature of loudspeaker cone 
resonance. The angled slot design is characterised by three or more 1 mm wide slots of 
length R placed at an angle 0 to the meridional lines of the cone, as shown in Figure 
6.14: 

a) b) 

Figure 6.14. a) Cone model with three angled slots. b) Rear view of cone showing slot geometry. 

Each slot is centred on a point midway between the inner and outer edges of the 
loudspeaker cone as seen from the front of the loudspeaker. In each slot design 
considered, the Y,.. response was calculated from a node lying along a meridional line 
passing through the centre of one of the cone slots, as shown in Figure 6.1 b ). 

The effect of the angled slots on the modelled Y ... response can be demonstrated by 
initially considering the calculated response of a cone with R. =47mm and 0 = 45°, as 

shown in Figure 6.15. 
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Figure 6.15. Y ... response for cone C with and without angled slots ( R =47mm, 8 = 45°) 
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The addition of cone slots significantly affects the shape of the Y,.. response, particularly 
for frequencies above the second bending resonance (f > 4kHz). The axial admittance 
response reaches an overall peak at f::=4-kHz, and thereafter diminishes steadily. While 

the modelled Y,.. response is not completely flat, the magnitude of its ripple is 
significantly less than for a normal cone. 

6.4.1 CHARACTERISING ANGLED SLOT CONE RESONANCE 

Although angled cone slots result in cone motion that is often quite complicated, the 
resonant behaviour of the loudspeaker cone can described by considering the colour 
contour and vector displacement plots at the frequency of each Y"" resonant feature. The 
plots for the first two resonant features, denoted A and B on Figure 6.15, are shown in 

Figure 6.16. 

a) antiresonance A= 2125 Hz 

b) resonance B = 2275 Hz 

Figure 6.16. Colour contour and vector displacement plots for cone with 3 angled slots at a) 
antiresonance Ab) resonance B. 

A bending motion on the innermost edge of the cone slots creates the first 
antiresonance. Point 1 (at the inner side of the slots) marks the point of maximum cone 
displacement, which vibrates 180° out of phase with point 2. A further antinode, 
denoted by point 3, exists at the outer edge of the cone and vibrates in phase with point 
1. 

At a slightly higher frequency, bending resonance (B) is excited, in which each side of 
the outermost half of the slot (points 1 & 2) vibrates in opposite phase. Point 3 on the 
outer edge of the cone vibrates in phase with point 2. The frequencies of both these first 
two modes are strongly related to the length of the slot, moving to lower frequency with 
increasing slot length. This is discussed in more detail in Section 6.4.2. 



Atf = 2350Hz, antiresonance C is excited (refer Figure 6.17). 

Figure 6.17. Colour contour and vector displacement plots for cone with 3 angled slots at 
antiresonance C. 
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The mode shape for antiresonance C is almost the same as resonance B. The outer edge 

of the cone vibrates with large amplitude, combined with a bending motion on the outer 
half of the cone slot. As with resonance B, points 1 and 2 vibrate out of phase with each 

other. 

Atf =2950Hz, resonance Dis excited. This frequency approximately corresponds with 

t,1 for a normal cone, a mode with antinodes at the 23111 and 32nd nodal lines (refer Figure 
4.14b). Figure 6.18 shows the contour and vector displacement plots for resonance D. 

1•1gure b. l !S. Colour contour and vector displacement plots tor cone w1 
D. 

While the antinodes of D's mode shape (points 1 and 2) do coincide with nodal lines 23 
and 32, the cone motion is far less uniform than atf,,,1 for a normal cone. Points 1 and 2 

vibrate out of phase, with point 3 vibrating in phase with point 1 . 

.. 
Figure 6.19. Colour contour and vector displacement plots for cone with 3 angled slots at 
antiresonance E. 
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Antiresonance E (Figure 6.19) has a very similar frequency and shape to f ba2 for a normal 

cone, with antinodes at nodal lines 23 and 32. The motion of the cone beyond the 
middle of the slot (point 2) is very similar to the normal/ba2 mode shape, while the cone 
vibration between the slots (point 1) is less so. Further, the dip in the Yiu response at this 

frequency is diminished in comparison to a normal cone. 

At 4kHz, a significant overall maximum in the Y tu response is reached. This resonance 
(F) is characterised by the formation of a standing wave along the inner edge of the 
cone slots, with A= 2/3 R.. 

Figure 6.20. Colour contour and vector displacement plots for cone with 3 angled slots at resonance F. 

At this mode, the inner portion of the cone moves approximately as a rigid body, while 
the adjacent edges of the cone slots vibrate antiphase. The regions of the cone denoted 
by 1 in Figure 6.20 vibrate antiphase with regions 2. 

When/> 4kHz, YIU decreases relatively smoothly with increasing frequency, as was the 

case when radial slots were used (Section 6.3). 

The resonant features at points G (5575Hz) and H (5800Hz) are caused by resonant and 

antiresonant modes of a similar shape to the third bending resonance of a normal cone. 

Atf = 7200Hz, a significant antiresonance (I) occurs (refer Figure 6.21) 

Figure 6.21. Colour contour and vector displacement plots for cone with 3 angled slots at 
antiresonance I. 

This mode shape is a complicated combination of twisting and bending motion, coupled 
with some meridional displacement, as the outer circumference of the cone expands and 
contracts. 
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At this frequency, a bending wave (wavelength = ½I.) is formed along the inner edge of 

the cone slots (denoted by point 1). The region denoted by point 2 undergoes a 

translation in the meridional direction, coupled with slight transverse bending. The 
region between the slots, denoted by point 3, is twisted slightly about the driving ax.is of 

the loudspeaker. As the cone is propelled forward, the outer circumference of the cone 

increases; propelling the cone backwards reduces the cone circumference. 

Cone displacement is mostly parallel to the surface of the cone, and with very little 

transverse component. Thus, a significant minimum in radiated sound pressure is 

expected at this frequency. 

Finally, a resonance (J) is excited at/= 8700Hz (refer Figure 6.22) . 

.Figure t:J:1:1.. Colour contour and vector displacement plots tor cone with Jangled slots at resonance J. 

This mode is similar in shape to the fifth bending resonance for a normal loudspeaker, 
and occurs at a similar frequency. The portion of the cone at the inside of the slots 
vibrates with maximum displacement with a bending wave length ½ £ , while the portion 

between the slots vibrates with a bending wave motion reminiscent of the mode shape at 
fi,,5• The Yax response diminishes with increasing frequency for f > 8700Hz. 
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6.4.2 SLOT LENGTH 

With the cone slot set at an angle of 45° to the meridional lines, and the position of the 

inside end of the slot fixed, the length of the slot was varied between 22-55 mm, as 
shown in Figure 6.23. 

a) b) 

Figure 6.23. Angled slot cone model for a) l =22mm, b) l = 55mm 

The outer end of the 22mm slot lies at the 1511i nodal line, corresponding to the 
innermost antinode of the third bending resonance and antiresonance of a normal cone. 
The outer end of the 55mm slot lies at the 31 st nodal line. 
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Figure 6.24. Modelled Y,... response as slot length is varied from 22mm ➔ 55mm. Slot angle is fixed at 
0=45° 

In Figure 6.24, the normal resonant modes are denoted by numbers 1-5, as previously. 
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The resonant characteristics caused by angled cone slots are also denoted by letters A to 
J, as in Figure 6.15. 

As the length of the slot is increased all the natural bending resonances and 
antiresonances (1-5) are very slightly lowered in frequency, as was the case for radial 
slots (refer Figure 6.9, Figure 6.11). 

As resonant modes A, B, D, F, I and J are associated with bending standing waves 

down the inner edge of the cone slots, their frequencies decrease with increasing slot 
length. 

While normal bending modes 1-5 are not entirely removed by the cone slots, they are 
greatly obscured when the slot is sufficiently long. The cone slots have little effect on 
the Y ar response until the driving frequency is such that the innermost antinode of the 

cone mode shape lies in the area in which the cone is slotted. Thus, modes 1 and 2 are 
not affected when the cone length is 22mm, as the inner most antinode for modes l. and 
2 lies closer to the outside edge of the cone than the slot. 

6.4.3 SLOT ANGLE 

In this section, the influence of the angle of the slots is explored. In order to derive these 
results, the cone slot length was held constant ( 44mm) and its angle with the meridional 
line ( fl) varied from 0° to 90° in steps of 7 .5°. The slot angle 0 =0° corresponds to radial 

slots. 

In all FE models considered in this section, a node that was adjacent to the centre of the 
cone slots was chosen as the node from which the Y ar response was calculated. In 

practice, the innermost ring vibrates almost as a rigid body, with very little difference in 
displacement between any of the innermost nodes. Figure 6.25 shows the Y ar response of 
a cone with three angled slots, as the slot angle is varied from 0° ~ 0 ~ 90°. 
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Figure 6.25. Modelled Yar response as slot angle 8 is varied from 0°➔ 90°. Slot length is fixed at l = 
44mm. 

It is difficult to identify a clear relationship between the angle of the cone slots and the 
Yax characteristic of the cone, as changing the slot angle has a large effect on the types of 
standing waves formed. However, the following general observations can be made: 

The extreme case of 0 = 0° corresponds to a radial cone slot design, in this case with 
only three slots. The Yax characteristic for 0 = 0° exhibits a smooth roll-off at high 
frequency (f ~5kHz), as was the case for a radially slotted cone. However, because 
there are only three radial slots, the natural bending modes of a normal cone are not 
completely removed from the Yax response. Consequently, the Yax response for f ~5kHz 
contains a higher number, but less pronounced resonances than when 9-18 radial slots 
are used. The resonant features on the Yax response are due to a combination of the 
natural bending modes of a normal cone, and bending waves that are excited down the 
edges of the cone slots. 

At the other extreme of 0 = 90°, the cone slots are perpendicular to the meridional lines 

of the cone, and the Yax response contains many peaks and dips. In contrast to other slot 
designs, the mean value of Y ... stays relatively constant over the frequency range 1-

lOkHz. 

When 0 = 45±7.5°, the least amount of ripple is exhibited in the Yax response, as shown 

in Figure 6.26. 
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Figure 6.26. Y.., responses for 8 =37.5°, 45°, 52.5° 

While there are a higher number of resonant features in the Yu response when angled 
slots are cut in the cone, the magnitude of Y,.. ripple is far less than for a normal cone. 
Generally, antiresonances are less pronounced than for a normal cone, and the Yu 
response decreases smoothly above 4kHz. This implies that the sound pressure response 
of a cone with angled slots will be smoother than a normal cone, and will decrease 
rapidly above 4kHz. 
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6.4.4 NUMBER OF SLOTS: 

The effect of the number of angled slots on the shape of the Y,.. response is shown in 
Figure 6.27. The Y,.. response is shown for 3, 4, 5, and 6 slots. 

0.1 ~~------------------------------, 

--3slots 
--4slots 
--5 slots 
--6slots 

0.001 +----.----.,......--~--~--r----r----.....------,,-----,------1 
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 

Frequency (Hz) 

Figure 6.27. Y,.. response for cone with angled slots (8 = 45°, I.= 47mm) as the number of slots is 
varied from 3-6. 

10000 

The main effect of increasing the number of angled slots is to decrease the frequency of 
resonant features A/B, and 1/J. Furthermore, the amount of ripple in the Y"" response 
increases when a higher number of slots is used. 

Additionally, using a large number of radial slots can have the effect of encouraging 
torsional motion, where the portions of the loudspeaker cone turn about the driving axis, 
and the cone leaves set up a twisting motion. 



163 

6.4.5 SUMMARY 

The effect of angled cone slots on the resonant behaviour of a normal loudspeaker cone 
can be summarised as follows: 

- The natural bending resonances of a normal loudspeaker cone are almost entirely 
obscured by a new set of resonant modes. The new modes are bending standing 
waves, which form along the inside edge of the cone slots and introduce new 
resonant features to the Y tu response. These frequencies increase with decreasing slot 
length. 

- The nth bending mode of a normal loudspeaker cone is removed when the cone siot's 

inner end lies closer to the centre of the cone than then innermost antinode for mode 
n. 

The Y tu response reaches an overall maximum at resonant frequency F, the 
frequency of which increases with the length of the outer annulus of the cone. This 
mode shape is characterised by a bending standing wave down the inner edge of the 
cone slots. 

- Increasing the number of slots lowers the frequency of modes A/B and 1/J as well as 
slightly increasing the magnitude of ripple in the Y tu response. 

Thus, the response of a cone with angled slots is a compromise between the response of 
a normal cone, and that of a cone with radial slots. The radially slotted cone exhibits an 
overall decrease in YIU for frequencies above 4kHz, a characteristic shared with the 
angled-slot cone design. However, the peaks and dips in the YIU response created by 

radial slots for frequencies below 4kHz are less pronounced in the angled slot design. 

Overall, the Y tu response of a loudspeaker cone with angled slots is smoother than a 

normal cone, and exhibits a comparatively steady, smooth decrease in Ytu for 

frequencies above 4kHz. 
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6.5 RINGS OF ANGLED SLOTS 

This section examines the effect of cone slots when the cone slot length is kept very 
small, and the number of slots is greatly increased. Specifically, 32 slots of length 8mm 
were cut into the cone at an angle of 45° to the meridional lines. The cone slots were 

configured in a concentric ring as shown in Figure 6.28. 

a) b) 

Figure 6.28. Cone designs with a ring of small angled slots. a) Slots lie at nodal lines 17-20 b) Slots lie 
at nodal lines 13-16. 

The designs of Figure 6.28 have the cone slots deliberately placed at the position of the 
innermost antinode of the second and third bending antiresonances respectively. The 
length and angle of the slots is such that the slots run from node 13 to node 16. The 
effect of this type of cone slot configuration on the Yax response of a normal cone is 
illustrated in Figure 6.29. 
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Figure 6.29. Y., response for the cone designs of Figure 6.28. 

Placing the cone slots at nodal lines 17-20 has the effect of lowering the frequencies of 
the second bending antiresonance and the third bending resonance. Furthermore, the 
third bending resonance is accentuated in comparison to the other bending resonances 
of the cone. Similarly, cutting slots at nodal lines 13-16 has the greatest effect on the 
third bending antiresonance and fourth bending resonance as their frequencies are 
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lowered considerably, and their magnitudes increased. However, the third bending 

resonance is also lowered in frequency and increased in magnitude, since its innermost 

antinode lies close to the position of the cone slots. 

In summary, cutting a ring of slots at a natural mode's innermost antinode has the effect 

of slightly lowering that mode, and accentuating its magnitude with respect to the other 

resonances of the cone. 
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6.6 SLOTTED CONE IMPLEMENTATION 

When 0 = 45° and R. = 4 7mm, the Y ... response of a cone with three angled slots exhibits 

considerably diminished ripple in comparison to a normal cone's response (Figure 
6.15). Moreover, Yax decreases relatively smoothly above 4kHz, implying a desirably 
smooth roll-off in sound pressure at high frequency. 

The Y ... responses of Figure 6.15 were post-processed (assuming a voice coil mass of 
1 Og) to yield the Zmo, response of a cone with and without three radial slots, and are 
plotted in Figure 6.30. The resonant features in the slotted cone response are identified 
after the notation of Figure 6.15. 
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Figure 6.30. Modelled z,,.,, responses of a loudspeaker cone with and without three angled slots (0= 

45°, .e = 47mm) 

Figure 6.30 indicates that above f = 3kHz, the Zmo, response of a cone with three radial 

slots is considerably smoother than that of a normal loudspeaker cone. The peak at 
2.5kHz (resonance D) is of greater magnitude than that caused by the first bending 
resonance of the normal cone. Above resonance D, the peaks and dips caused by 
bending resonances and antiresonances 2-4 are absent from the modelled Zmo, response 
of the slotted cone. 

The resonant features at 7.5kHz (1/J) cause a similar magnitude of ripple as the fifth 
bending resonance that normally occurs at this frequency. 
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6.6.1 INITIAL MEASUREMENTS 

A loudspeaker cone (cone D) was fabricated with three slots of 0 = 45° and f. = 47mm. 

Cone D's measured Zmo, response is shown in Figure 6.31 with its modelled. Zmo, 
response 7. 

1-,--------------------------------

---Measured 

· · · · · · Modelled 
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Frequency (Hz) 

Figure 6.31. Measured and modelled z_ responses of cone D. 

Figure 6.31 shows that similar resonant features appear in the modelled and measured 
Zmo, responses for cone D at similar frequencies. The same trends are also seen in both 
Zmo, responses, with a small discrepancy at/=2.5kHz, where the measured curve does not 

rise to the magnitude predicted by the modelled curve. This discrepancy may be caused 
in part by inadequacies in the frequency dependent damping model used by ANSYS. 

Above this frequency, the measured Zmo, response exhibits the expected steady decrease 
predicted by the modelled Zmo, response. 

Figure 6.32 (over) compares the measured Zmo, response of cone D with that of cone C, a 
normal, unslotted cone. The ripples that are evident in the measured Zmo, response of 
cone C for frequencies greater than 3kHz are absent from the measured response of 
cone D, while the first two resonant features of cone C's response are replaced with a 
broader, smoother resonance. Furthermore, cone D's mean Zmo, response decreases at a 
higher rate than cone C's, for frequencies above 3kHz. 

7 Material properties for the FE model of cone D were identical to those used for cone C (Table 4.2) with 
the exception of the Young's modulus, which was slightly reduced to 6.2 x 109 N/m2• This resulted in a 
better match between the measured and modelled z_ response near 7.5kHz, and can be attributed to the 
natural variation in material properties and cone thickness that often occurs between cones. 
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1-.---------------------------------, 
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Figure 6.32. Measured motional impedance (Z_) responses of normal (cone C) and slotted (cone 
D) loudspeaker cones. 

In general, the shape and smoothness of the on-axis sound pressure response (pa,) of a 

loudspeaker shows a strong correlation with its motional impedance response. Thus, the 

radiated sound pressure response of cone D should be expected to compare favourably 

with that of cone C. This expectation is confirmed in Figure 6.33, where the measured 

sound pressure responses of cones C and D are compared. 
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Figure 6.33. Measured on-axis sound pressure (.p.,) responses of normal (cone C) and slotted (cone 
D) loudspeaker cones. 

Figure 6.33 verifies that the measured sound pressure responses of cones C and D 
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follow the same trends as their measured Zmo, responses in Figure 6.32. The variations in 

cone C's sound pressure for frequencies greater than 3kHz are absent from the measured 

response of cone D. Instead, cone D's response is characterised by a smooth, steady 

decrease in sound pressure for frequencies in the range 3-8kHz. At 8kHz, the sound 

pressure response of cone D begins to increase again, but does not reach the magnitude 

of cone C's response. An increase in the magnitude in sound pressure in the frequency 

range 2-3kHz is also evident in cone D's measured response. 

Figures 6.32 and 6.33 both indicate that cutting three slots of 0 = 45° and l = 41mm 
creates a loudspeaker cone with "mechanically filtered" characteristics. This slot design 

is particularly effective at disrupting the formation of the normal axisymmetric standing 

waves associated with cone break-up, and thereby minimising their adverse effect on 

the smoothness of the sound pressure reponse. In contrast to normal axisymmetric 

modes, the additional modes created by the introduction of these slots do not dominate 

the sound pressure response. 

The decrease in p ax with frequency for f > 3kHz can also be advantageous, particularly if 

the loudspeaker is to be used in a configuration where it is to be "crossed-over" to a 
high frequency radiator at -3-4kHz, as is often the case for a driver of this diameter. 

6.6.2 SEALING OVER THE SLOTS 

Cutting slots in the loudspeaker potentially allows a small amount of air to pass between 

the front and rear of the cone through the slots, particularly at low frequencies when the 

cone excursion is large. When the loudspeaker is mounted in a vented or sealed cabinet, 

the air leakage path offered by the cone slots is quite undesirable, as it alters the low

frequency effect of the cabinet, and potentially allows the air to "whistle" or "chuff' as 

it passes through the slots. 

This difficulty can be simply alleviated by sealing over the cone slots with a light, 

compliant, yet non-porous material in order to provide an air seal. Ideally, the material 

used should not disrupt the resonant behaviour of the slotted cone. 

To illustrate the potential of this technique, some lightweight8 plastic stickers of length 

50mm and width 5mm were placed over the slots of cone D, overlapping each side and 

end of the slots by a few millimetres and providing an air-tight seal. The effect of these 

stickers on the Zma, response of the cone is shown in Figure 6.34 

1 The exact properties of the sticker material are not known. 
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Figure 6.34. Z..,, response of cone D with and without plastic stickers sealing over the cone slots. 

Figure 6.34 demonstrates that when the plastic stickers were placed over the slots, the 
first two bending modes shapes were excited as in a normal cone. However, for 
frequencies above 4kHz the response is similar to when no stickers are used. 

The effect of the stickers on the measured p ax response of a loudspeaker is shown in 

Figure 6.35 where the measured response of cones C (normal) and D (slotted, with and 
without stickers over the slots) are plotted. 
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Figure 6.35. Measured on-axis sound pressure response (p.,) for loudspeaker cones C and D. 

Figure 6.35 indicates that the stickers do have a slight effect on the sound pressure 
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response of the cone. Sealing over the cone slots with these stickers re-introduces the 
first two sound pressure peaks of cone C in the frequency range 2-3kHz, while for 
frequencies above 3kHz the sound pressure response is similar to cone D when no 
stickers are used. Overall, the measured sound pressure response of cone D with stickers 
attached is still a significant improvement over that of cone C. 

The effect of the material properties of the cone stickers on the behaviour of the 
"sealed-over" slotted cone has not been investigated, and is a potential area of further 
research. In particular, the FE model could be extended to include the effect of the slot 
stickers, and the dependence of the overall response of the slotted cone on the properties 
of the sticker investigated. A sticker of a material more compliant (yet still non-porous) 
than the plastic used in this case could potentially still provide the necessary air seal, 
without affecting the slotted-cone Zmo, response. 
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6.7 CONCLUSION 

This chapter has illustrated that cutting slots in a loudspeaker cone has a profound effect 
on the Yax response, and consequently the Zmn, and p ax responses of the loudspeaker. 

It has been shown that the natural resonances of a normal cone, as characterised in 

Chapter 4, can be partially or completely obscured by a new class of resonant modes. 

These new resonant modes are identified by bending motions up the edges of the cone 

slots, and, in the case of angled slots, a small amount of axial twisting of the outer parts 

of the cone. The frequencies of these "new" modes are highly dependent on the length 

of the cone slots. 

Any natural modes of a normal cone are removed or perturbed by cone slots when the 

slots fall in an area of the cone that corresponds to the innermost antinode of the natural 

mode. 

Radial slots have the effect of greatly smoothing the Yax response of the cone for 

frequencies above 4kHz, but creating more peaks and dips below 4kHz. By using three 

angled slots, the natural resonances of the cone are obscured and partially replaced by 

new bending/twisting modes. This has the measurable effect of significantly smoothing 
the Yax and p ax responses of the cone, and diminishing the output of the cone above 

4kHz. 

Finally, a technique for sealing over the cone slots with a sticker material has been 

proposed and briefly investigated. Placing stickers over the cone slots has a measurable 

effect on the resonant characteristics of the slotted cone below 3kHz, but preserves the 

slotted cone's characteristics above 3kHz, and allows the slotted cone loudspeaker to be 

used in a practical loudspeaker system. 

This chapter has not considered the effect of cone slots on the distortion characteristics 

of the loudspeaker cone, nor has the off-axis response of the loudspeaker been 

considered. Both of these areas are worthy of further research and consideration, but are 

beyond the scope of this thesis. 
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CONCLUSION 

7.1 THESIS REVIEW AND DISCUSSION 

Chapter 1 gave an overview of the history of electrodynamic loudspeaker cone 
modelling and stated the aims of this thesis: 

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 6½ inch 
polypropylene loudspeaker cone with narrow slots cut through its surface. 

These goals were pursued and achieved as follows: 

The electrodynamic loudspeaker theory outlined in chapter 2, and the mathematical and 
experimental methods described in Chapter 3, were used in Chapter 4 to develop and 
calibrate finite element and boundary element models of a loudspeaker cone .. The 
calibrated two- and three-dimensional models were then utilised to produce a detailed 
description of the resonant characteristics of a axisymmetric 6½-inch polypropylene 
loudspeaker cone (cone C) in terms of its axial admittance, sound pressure response and 
resonant mode shapes. 

These results showed that the cone standing waves that affect the smoothness of a 
loudspeaker's sound pressure response are primarily of a bending-wave type; that is, 
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cone displacement is mostly normal to the surface of the cone. The bending motion of 

the cone continues with increasing frequency until the first longitudinal antiresonance of 
the cone is excited. The onset of the first longitudinal antiresonance results in a large 

decrease in radiated sound pressure, as cone vibration becomes primarily longitudinal in 

nature, with very little bending motion. 

Chapter 4 also showed that the surround has a major influence on the amplitude and 

frequency of cone standing waves. The "external half roll" surround employed by the 

speakers considered in this thesis has a two-fold effect on the resonances of the cone. 

Firstly, the ring antiresonance and first bending resonant frequency are significantly 

lowered by the additional inertia supplied by the mass of the surround where it attaches 

to the outer edge of the cone. Secondly, some of the wave energy in the cone is 

transmitted into and absorbed by the half roll of the surround, significantly reducing the 

amplitude of cone standing waves. Thus, the surround plays an important role in 

determining the frequencies and amplitudes of standing waves in the cone itself. 

This thesis has not attempted to explore the relative virtues of different surround 

designs, and since little modelling seems to have been performed in this area, surround 

design is potentially an aspect for further research. 

Chapter 5 explored the individual effects of varying the cone material parameters and 

cone thickness on the frequency, shape, and magnitude of cone standing waves. The 

effect of these parameters on the smoothness of the sound pressure response was also 

considered. These results illustrated how the natural modes of loudspeaker cones may 

be shifted to higher or lower frequency by adjusting the cone material properties, or 

cone thickness profile. The amplitudes of cone standing waves and their relative 

dominance of the axial admittance and sound pressure responses were also shown to be 

dependent on cone material properties and thickness profile. 

It was shown that using materials that have a higher Young's modulus and/or lower 

mass density increases the frequencies of cone standing waves, and increases the 

bandwidth of the loudspeaker. However, choosing a lighter, stiffer material only delays 

the onset of cone break-up and actually increases the magnitude of ripple in the sound 

pressure response once break-up begins to occur. 

The value of Poisson's ratio for the cone material has a strong influence on the 

frequency of the longitudinal antiresonance, but not on the frequency or amplitude of 

bending waves. Consequently, increasing the value of Poisson's ratio results in a cone 

with a higher bandwidth, and has very little effect on the smoothness of the sound 

pressure response. 

The damping properties of the cone material have a very strong influence on the 

magnitude of cone standing waves, and thus on the smoothness of the loudspeaker's 

sound pressure response. A cone material of high damping ratio exhibits very little 

variation in its on-axis sound pressure response. 
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A thinner loudspeaker cone has a greater number of ripples in its sound pressure 
response, but each ripple is of a lower magnitude than for a thicker cone of the same 
shape and material. Furthermore, reducing the thickness of the cone towards its outside 
edge increases the number and reduces the magnitude of ripples in the sound pressure 
response and moves the first longitudinal antiresonance to higher frequency, thereby 
increasing the bandwidth of the cone. 

If the outer-edge thickness of the cone were to be significantly reduced, the effect of the 
surround on cone resonance would be likely to be greater than for a normal constant 
thickness cone. Thus, to preserve a good mechanical impedance match between cone 
and surround, the thickness or mass density of the surround rim would need to be 
similarly reduced. This is an area that requires more extensive research. 

The frequency and magnitude of individual cone resonances can be altered by 
increasing or reducing the thickness of the cone at the innermost antinode of a mode 
shape, as detailed in Section 5.3.3. While this technique is interesting, and certainly 
allows resonant modes to be altered in frequency and magnitude, the loudspeaker 
designer would normally be more interested in removing the effect of standing waves 
altogether, rather than just slightly adjusting their frequency and magnitude. 

In Chapter 6, a calibrated 3D FE model was used to explore the effects of thin cone slots 
on the mode shapes and axial admittance characteristics of the loudspeaker cone. The 
cone slots were demonstrated to have a profound effect on the characteristics on the 
modelled cone, and variations in slot design were explored. In particular, the effect of 
slot angle, length and number of slots was considered. 

It was shown that cutting slots in the loudspeaker cone introduces a new series of 
standing wave shapes, and disrupts the formation of the axisymmetric modes that 
dominate the sound pressure response of a normal cone. The FE model of a loudspeaker 
cone with three angled slots predicts the smoothest Yax response. 

Consequently, a loudspeaker cone with three slots of 0 = 45° and i = 47mm was 

constructed, and its measured characteristics were shown to compare favourably with 
those predicted by the FE model. Many of the break-up resonances that dominated the 
response of a normal loudspeaker cone were very significantly removed by this 
particular slot design, and the slotted loudspeaker was demonstrated to possess a 
desirably smooth "roll-off' in response at high frequency. 

The effect of the surround on the angled-slot cone design was not considered, but as 

predicted by Section 4.5.5, the surround would be likely to particularly affect the lower 
frequency mode shapes, and further decrease the amplitude of the cone's standing 
waves. 

The potential of a method for sealing over the cone slots with plastic stickers was also 
demonstrated in Section 6.6. The stickers were shown to have an effect on the slotted 
cone's behaviour at low frequency, but little effect at high frequency. 
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7.2 FURTHER WORK 

Chapter 4 has highlighted the need for more extensive research into the relative merits 
of various surround designs. This could be relatively easily performed using the 2D FE 
models used in this thesis. Although loudspeaker designers undoubtedly possess a great 
deal of empirical knowledge and experience in this area, there appears to be little 
published research on the subject. 

While the measured and modelled axial admittance responses, and measured sound 
pressure response of the angled-slot cone are a great deal smoother than for a normal 
cone, there is a need for more experimental research into the effects of the cone slots on 
other characteristics of loudspeaker cones. In particular, the effects of cone slots on the 
distortion and cumulative spectral decay characteristics of the cone have not been 
considered. These parameters could be measured relatively easily but are more difficult 
to determine from FE and BE model results. 

Furthermore, the off-axis sound pressure response of the cone is likely to be affected by 
the cone slots. Careful anechoic chamber measurements may be able to determine 
whether there are any variations in off-axis response caused by the non-axisymmetric 
wave types of a slotted cone. Ideally, a 3D BE model of slotted loudspeaker cone could 
be created, and the off-axis sound pressure response directly calculated. 

The effect of the material properties of the stickers on the sound pressure response, 
particularly at low frequency, is also an area that justifies further research. This could be 
achieved by extending the 3D FE model of the cone. 

This thesis has illustrated the potential of using 3D finite element models to predict the 
resonant behaviour of non-axisymmetric loudspeaker cones. These techniques could be 
similarly applied to other non-axisymmetric (e.g. oval) loudspeaker designs. 

A further potential area for research is in time-domain modelling of loudspeakers. In 

particular, modelling the impulse response of a slotted loudspeaker cone would yield 
extra insight into the flow of energy through the cone, along and around the slots, and 
into the surround. ANSYS has the capabilities to model the time-domain response of 
structures to time varying forces, and so could be used to perform this research, 
although this would require the damping properties of · the cone material to be 
represented using a more precise technique than a constant damping ratio. 
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7.3 CONCLUSION 

This thesis has successfully utilised 2D and 3D structural vibration FE models and 2D 

BE sound radiation models of loudspeaker cones as research tools for exploring the 

resonant behaviour of loudspeaker cones of different designs and materials. In 

particular, these models have been used to extensively explore and detail the manner in 

which cone resonance can be adjusted and controlled by varying the material properties 

and thickness profile of loudspeaker cones. 

Furthermore, in a novel approach, 3D FE models have been used to simulate the 

behaviour of loudspeaker cones with narrow slots cut into them. This has allowed a 

slotted loudspeaker with a very desirable sound pressure response to be modelled and 

constructed. The measured characteristics of the slotted loudspeaker have been shown 

to agree favourably with those predicted by the FE model. 





APPENDIX A - LIST OF SYMBOLS 

8 3D Dirac function 

e Strain 
A; Eigenvector of ith mode. 

V Poisson's ratio 

</J Displacement phase shift 

p Mass density 

Pair Density of air 

a Stress 

OJ Angular frequency 

e Damping ratio 
B Strain-displacement matrix 

Bl Electromechanical coupling factor 

C Speed of sound in air 

C Viscous damping matrix 

cspider Compliance of spider 

C,,,, Total compliance of loudspeaker 

D Elasticity matrix 

E Young's modulus 

f Frequency 

lo Free-air resonant frequency 

F<U Axial force 

fbax Frequency of bending antiresonance x 

Ii,,,, Frequency of bending resonance x 

t Cut-off frequency of voice coil 

f,a Frequency of longitudinal antiresonance 

Fn Vector of nodal forces 

Ira Frequency of ring antiresonance 

G Green's function 
I Voice coil current 

j ✓-1 
K Stiffness matrix 

k Wavenumber 

LcoU Inductance of voice coil 

M Mass matrix 

Mcou Mass of voice coil 

M,., Total moving mass of loudspeaker 

n Number of nodes 

N Shape function matrix 

p Sound pressure 

Pai On-axis sound pressure 

Q Quality factor 

r Distance from centre of plate, cone etc 
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Rcoil 

Rspider 

R10, 
s 
t 

V cutal 

V 

vmo, 

V"' 
v,..,, 
Yax 
ytol( .... ch) 

Zco11 
z,kc(,.J) 

z.,.«,.,,i 
zmo, 
zmol(ttst) 
z,., 
zto, 
ztol( .... ch) 

Appendix A - List of Symbols 

DC resistance of voice coil 

Mechanical resistance of spider 

Total mechanical resistance of loudspeaker 

Surface area of sphere 

Time 
Cone thickness at inner edge 

Cone thickness at outer edge 

Displacement 

Axial velocity of voice coil 

Applied voltage 

Voltage due to test loudspeaker's motional impedance 

Voltage across reference loudspeaker 

Voltage across test loudspeaker 

Axial admittance 

Total mechanical admittance of loudspeaker 

Electrical impedance of voice coil 

Electrical impedance of reference loudspeaker 

Electrical impedance of test loudspeaker 

Motional impedance of loudspeaker 

Motional impedance of test loudspeaker 

Total electrical impedance of reference loudspeaker 

Total electrical impedance of loudspeaker 

Total mechanical impedance of loudspeaker 



APPENDIX B- CIRCUIT DIAGRAMS 
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Figure B.1. Constant current amplifier circuit diagram 
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Figure B.2. Differential amplifier circuit diagram 
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