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Abstract 
In this paper, a coupled electro-vibro-acoustic model of a loudspeaker is proposed. To model the 

loudspeaker membrane, rather than using an experimental approach, mode shapes, resonance frequencies 

and modal damping are obtained from Finite Element Method (FEM) and then used to perform numerical 

simulations. The predicted vibration amplitude on the membrane is properly scaled considering the effects 

of the back electromotive force caused by the electro-magnetic system. In order to consider the effects of 

the loudspeaker enclosure on the acoustic radiation characteristics, a coupled FE/BE(Boundary Element) 

model is applied. A comparison with experimental results shows the improvement of the solution accuracy 

given by the additional breakup modes. Moreover, spider and surround dynamic behaviors are 

investigated to understand the underlying mechanisms responsible for the dominant breakup modes on the 

mid-high frequency range. 

1 Introduction 

Numerical simulations are indispensable for a full understanding of the physical behavior of loudspeakers. 

Furthermore, they allow reducing development time of products. The possibility of analyzing and 

optimizing virtual prototypes has relaxed the need for very expensive and time consuming physical 

prototype testing. Nevertheless, realizing accurate numerical models is often a challenge for acousticians. 

In coupled vibro-acoustic systems, the interaction between the structural and the fluid components is no 

longer negligible and all components must be regarded as parts of one coupled system. For instance, when 

a thin and light-weight structure, like electrodynamic loudspeakers, is in contact with a low density fluid, 

strong coupling effects may occur. 

ATALLA and BERNHARD [1] defined a parameter to quantify the strength of the vibro-acoustic 

interaction: 

 ,0






t

c

s

c   (1) 

where ω is the angular frequency of a time-harmonic structural or acoustic excitation of the system, 𝑡 is 

the thickness of the structure, 𝜌𝑠 is the mass density of the structure, 𝜌0  and c are the fluid density and the 

speed of sound. According to their study, a criterion of 𝜆𝑐  is also given to assess the vibro-acoustic 

interaction: values of 𝜆𝑐(> 1) leads to coupled vibro-acoustic systems, while values of  𝜆𝑐(≪ 1) leads to 

uncoupled vibro-acoustic systems. Commonly, an electrodynamic loudspeaker driver has a strong 

interaction with its acoustic cavity, meaning that it is essential to consider a coupled system to model it 

correctly. Additionally, the behavior of a loudspeaker’s driver must be considered, including the electrical 

effects induced by the interaction between a permanent magnet and a voice coil of the driver.  
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In the low frequency range, usually the membrane is sufficiently stiff to move as a whole. At high 

frequencies, however, vibrations from the center of the membrane travel towards the edge in the form of 

waves and create resonances that may produce irregularities in the frequency response and influence the 

sound directivity. Consequently, the pressure waves developed by a driver at the resonance frequencies no 

longer resemble the input voltage and hence there may be sound distortion. 

For these reasons, the numerical modeling of a driver is much more complicated than the remaining 

loudspeaker components. In an early stage design process, simplifying boundary conditions (like a 

constant velocity boundary condition on the membrane) or only a first driver piston mode are usually 

taken into account for the modeling of the driver. However, this approximation only covers in the low-

frequency range. As frequency increases, breakup modes, especially it is defined the axial symmetry 

modes of the driver, become more dominant and their influences have to be considered to develop an 

accurate numerical model. 

Numerical models of a driver taking into account electro-vibro-acoustic interaction are developed and 

proposed in refs. [2-4] and still on-going to optimize the shape of the driver components.  These studies 

are useful for developing drivers and predicting sound characteristics of loudspeaker systems. In general, 

the essential material properties such as the Young’s modulus and the damping for the dynamic modal 

analysis can be obtained by the measurement of Dynamic Mechanical Analysis (DMA).  However, there 

are still challenging problems to model some components of a driver such as a spider and a surround 

which are made of rubber and orthogonal fabric respectively.  

On the other hand, in order to model the loudspeaker driver, rather than relying on a purely numerical 

model, experimental modal analysis approach is also proposed in ref.[5]. In this case, the modal 

parameters of the driver can be directly obtained from the measured dynamic behavior. Hence this 

approach does not require the knowledge of the material properties of the different components. 

In this paper, to realize the accurate driver vibrations including breakup modes, a Finite Element 

numerical simulation approach is introduced. Especially, this study focuses on the estimation of the 

unknown mechanical material properties of driver and on the modelling of breakup modes in order to 

perform accurate numerical simulations of the loudspeaker system. Furthermore, an approach for the 

selection of principal mode shapes is introduced. This selection process provides two benefits. First, it 

makes clear which modes have significant influence on sound radiation. Secondly, it allows considerable 

reduction of the computational cost. Finally the radiation considering the cavity geometry is calculated by 

a coupled FE/BE numerical simulation. The improvement of the solution accuracy covering the high 

frequency range is given by the additional breakup modes.  

2 Basic loudspeaker theory 

2.1 Driver construction 

A cross-section sketch of a typical loudspeaker driver is shown in figure 1. The cone is supported at a 

surround (outer edge) and a spider (center suspension) near the voice coil so that ideally it is free to move 

in an axial direction. In the configuration of the figure 1, the driver is mounted in a flat infinite baffle 

board. The baffle acoustically isolates the front side of the driver from the rear side. The driver may be 

assumed to behave like a piston of radius a moving with constant velocity over its entire surface in the low 

frequency range. This is a reasonable approximation at frequencies for which the distance b on figure 1 is 

less than about one-tenth of the acoustic wavelength [6].  

2.2 Linear circuit model of a driver 

The electro-vibro-acoustic circuit model of a driver with an infinite baffle board can be described the 

electrical circuit shown in figure 2. This system is assumed linear in steady-state conditions. 
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With regard to the electrical field, the current through the voice coil produces electromotive force (EMF) 

which interacts with air-gap flux of the permanent magnet, the voice coil and the membrane. At the same 

time, the motion of the voice coil generates a current whose magnetic field opposes the original one. 

Hence, the force imposed on the voice coil can be described as 
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where 𝑍𝑒 is the electrical impedance, 𝐵 is the steady air-gap flux density, 𝑙 is the length of voice coil wire, 

𝐸 is the constant input voltage from a generator (audio amplifier), 𝑢𝑐 is the voice coil velocity and 𝐵𝑙𝑢𝑐 is 

representative of the back electromotive force (BEMF) or counter EMF. Equation (2) allows to 

characterize the electrical part of the model. 

On the surface of a driver, two forces have to be considered, which come from the electromagnetic 

transducer (𝐹𝑒) and from the ambient fluid  (𝐹𝑎). The velocity of the voice coil is 
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where 𝑍𝑚 is the mechanical impedance of the driver. The force from the ambient air can be written as 

 ,caa uTFF   (4) 

where 𝑇𝐹𝑎 is the transfer function between the voice coil velocity and the force imposed by the ambient 

fluid. 

In order to satisfy each physical condition, eq.(2), (3) and (4) should take into account, eventually the 

force imposed to a driver can be defined as 
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Equation (5) represents the coupled electro-vibro-acoustic force that allows relating the pressure. Finally, 

pressure 𝑝 can be described as 

 ,coupliedva FTFp   (7) 

where )/( NPaTFva　  is the transfer function between the sound pressure 𝑝 at arbitrary field points and the 

vibro-acoustic phenomena of the driver. Since this simple circuit coupling model assumes that the driver 

moves as a rigid piston in a rigid baffle and behaves roughly as an omnidirectional source, this 

approximation is only valid in the low frequency range. Moreover, the influence of the cavity 

(loudspeaker enclosure) is neglected in this circuit model. In reality, more complicated problems have to 

be considered in order to realize virtual prototype development. 
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Figure 1: Cross-section sketch of a loudspeaker driver assumed to be mounted in an infinite baffle 

 

 

Figure 2: Electrical circuit of a driver with infinite b 

3 Loudspeaker description 

In this paper, a real development situation has been considered. The loudspeaker under analysis is the bass 

reflex loudspeaker system produced by YAMAHA Corporation (see figure 3). The straight tube called 

bass reflex port of radius 25mm and length 135mm is attached on the back side cavity wall to produce 

Helmholtz resonance enhancing the low frequency sound. The inner dimensions are given in figure 3. The 

air-filled cavity is surrounded with the wooden walls with a thickness of 9mm. Two different drivers are 

attached in front of the cavity wall vertically to produce proper sound from the amplifier. The bigger one 

is called a woofer with radius R, while the small one is called a tweeter, whose influence is not considered 

in this analysis. The woofer cone is made of the single layer aluminum panel. The surround is made of 

Butyl rubber with round shape. The network circuit for adjustment of the loudspeaker frequency 

characteristics, the absorbent materials to eliminate the standing waves inside the cavity and the 

reinforcement panels to stiffen the enclosure were removed from the system to simplify the numerical 

model. 

The equivalent circuit model in figure 2 can be expanded to analyze a system of bass reflex loudspeaker as 

in figure 4. However, this will only enable the prediction of the low frequency range without the high 

order structural and acoustic resonances. 
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 Figure 3: Loudspeaker components and geometry  

 

 

Figure 4: Electrical circuit of a bass reflex system 

4 Numerical simulation model of loudspeaker 

This section illustrates the numerical model by means of FE and BE simulation in order to accurately 

predict the sound radiation characteristics of the loudspeaker system. The interaction between the 

membrane vibrations and the ambient fluid may strongly influence each other especially in the low 

frequency range and at the resonance frequencies of the acoustic cavity. Moreover the membrane 

geometry, sound reflections and diffractions on the cavity surface are taken into account by the numerical 

model to realize an accurate solution. 

4.1 Numerical model of the driver 

Here, a 12cm woofer driver (typical home audio speaker model) is used. For modal analysis, the external 

excitation factor coming from the electrical magnetic field is neglected. Thus the components shown in 

figure 1 can be simplified to a cone, a spider, a cap, a surround and a voice coil as shown in figure 5. The 

FE solid mesh (see right side of figure 5) consists of 356,043 second-order hexahedron and triangular 

prism elements and 52,560 nodes. As the fixed boundary conditions, zero displacements and rotations on 

each direction are imposed at the outer edges of surround and spider. The voice coil can be allowed to 

move freely only the axial direction (Z axis), which means this driver system doesn’t include any 

azimuthal force.  
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4.2 Coupled FE/BE model 

Figure 6 shows a coupled FE/BE numerical model of a loudspeaker system. The driver is mounted on the 

front panel of the bass reflex enclosure. The fluid domain is modelled by an indirect BE model. FE model 

is used to model the structural domain corresponding to the driver. A modal approach is used to retrieve 

the dynamic behavior of the driver and modal parameters are evaluated by using driver model of figure 5. 

Finally, the sound pressure is relevantly rescaled to take into account the back electro motive force. 

In this numerical model, only the woofer is considered as a sound source. The structural vibrations of the 

driver are described by its modal parameters that are mapped to the corresponding acoustic mesh. The 

force excitation of 1 Newton is imposed along 𝑧 direction and located at the voice coil area. The rigid 

boundary conditions are imposed on the remaining walls of the acoustic cavity. The solution is computed 

over the frequency range 20 −  15𝑘𝐻𝑧 with a resolution of 10𝐻𝑧. 

The BE acoustic mesh consists of 34,821 TRIA elements and 17,416 nodes which satisfys the 1/6 of 

acoustic wave length of the highest calculated frequency. Air density 𝜌0 is set equal to 1.225 𝑘𝑔/𝑚3 and 

the speed of sound is 340 𝑚/𝑠. To avoid pollution due to the presence of fictitious resonances, relevant 

acoustic impedance has been added inside the cavity.  

 

 

Figure 5: Geometry and numerical discretization of the driver 

 

 

Figure 6: Coupled FE/BE numerical model 
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5 FE modelling of driver 

5.1 Modal analysis 

This section describes the Finite Element modelling of the loudspeaker driver. Modal analysis is a 

convenient way to capture the dominant dynamic motion with the natural frequencies and mode shapes. 

Furthermore a spectrum analysis is obtained from modal-superposition harmonic with a small 

computational cost. The equations of elastic structural systems without external excitation can be written 

as 

      ,0 uKuM       (8) 

where u is the amplitude of the displacement, M is the mass matrix, �̅� is the complex stiffness matrix 

witch will be converted as the damping matrix C in the next equation. The complex eigenvalue problem 

given by: 

        ,
2

iiiii MCK                                    (9) 

with 𝜆𝑖 is the  𝑖𝑡ℎ  eigenvalue satisfied with (𝜆�̅� = j√𝜆𝑖)  and  Φ𝑖 is the 𝑖𝑡ℎ eigenvector of displacement. C 

is the damping matrix.  

 

5.2 Identification of material properties 

The woofer driver is assembled by the combination of various types of materials, for instance, cone is 

made of aluminum, cap and surround are rubber, spider is orthotropic fabric. The providers witch make up 

the components of loudspeaker drivers might not be able to provide reliable material properties, or these 

cannot be obtained without considerable cost. Scientific point of view, those materials generally present 

some non-linearity behaviors that depend on frequency and the amplitude of the loading force, as well as 

on temperature and moisture. Thus a reasonable approach is to assume a linear system and tuning the 

unknown material values to agree on the measured dynamic behaviors. The elasticity material properties, 

Young’s modulus 𝐸  and the damping factor ξ  are obtained from Dynamic Mechanical Analysis 

(DMA)[7,8]. For surround and spider, applying DMA is problematic due to their complex geometries. 

This paper proposes two different tuning processes to identify their material properties. This approach 

consist in estimating the material properties that best match the measured modal frequency and modal 

damping of the piston mode. Those experimental modal parameters are retrieved from Thiele/ Small 

parameters[9] which can be obtained a commercial system.   

First estimation for spider Young’s modulus 𝐸𝑠𝑝 and modal damping  ξ𝑠𝑝 is conducted with the model 

which does not have a surround and a cone of its driver. This fundamental mode is constructed by the 

mechanical spring relating on a spider, and the mass of a voice coil and a cap. Secondly, the estimation 

including a surround has done with normal driver using the material properties extracted in the first step. 

The surround Young’s modulus 𝐸𝑠𝑢 and modal damping ξ𝑠𝑢 are refined to satisfy the piston resonance 

mode.  

The driver’s dimension and density are directly measured from real products and the geometry of the 

numerical model is assumed perfectly axial-symmetry. The value of Poisson’s ratio is taken 0.333 

constantly for each material. Table 1 shows the material values of the woofer driver. Since the cylindrical 

shape of the voice coil does not deform on the axis direction, voice coil is assumed to behave as a rigid 

body. The mechanical properties show in Table 1 will be used for the numerical simulations. 
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 Young’s 

modulus (GPa) 

Density 
(g/mm3) 

Damping 

ratio 
Method 

Cone 35 2700 0.003 DMA + Tuning 

Cap 0.055 1074 0.113 DMA 

Surround 0.017 1308 0.175 Tuning 

Voice coil 100 2547 - DMA 

Spider 0.24 412 0.028 Tuning 

Table 1: Mechanical properties of the driver 

5.3 Classification of principal high-order modes 

When audio engineers design loudspeaker systems, the dynamic behaviors of each component are 

optimized over the wide audible range (i.e. 20 to 20kHz). In practice, modal analysis of a driver covering 

up to 20kHz gives a few thousand to almost ten thousands modes. This leads not only a large 

computational cost but also difficulties in understanding the driver’s behaviors. However, breakup modes 

that will generate significant sound radiation in the mid-high frequencies are only a small amount among 

the entire modes. To identify principal breakup modes, a selection process based on Modal Participation 

Factor (MPF) is introduced. The MPF provides an indicator of participation of a mode in respect to a 

given direction of excitation[10]. In terms of loudspeaker, the excitation induced by the electro-magnetic 

force occurs only on the axial direction of the driver so that MPF can be written as 

𝛾𝑖 = {𝜙}𝑖
𝑇[𝑀]{𝐷},                                                             (10) 

where 𝛾𝑖 is the participation factor of the i
th
 mode, {𝜙}𝑖  is the normalized eigenvector, {𝐷} is the vector 

describing the axial direction. The first piston vibration (𝑓0) gives the highest value of MPF, so that 

eq.(10) is normalized by the piston mode participation factor 𝛾𝑝𝑖𝑠𝑡𝑜𝑛 as 

𝑅𝑖 = 𝛾𝑖/𝛾𝑝𝑖𝑠𝑡𝑜𝑛 ,                                                            (11) 

with modal participation ratio 𝑅𝑖 (MPR). Figure 7 shows modal participation ratio 𝑅𝑖 of each driver mode 

over the frequency range of 20 to 20kHz. There are almost ten thousands mode results in this case. In 

order to identify important modes, only the driver modes of which MPR greater than the threshold value 

of 1E-04 are selected (total 213 modes). To understand physical behavior of the driver, those modes are 

classified into five principal mode types. Figure 8 shows an example of important driver mode shapes. As 

the local modes, surround modes, spider modes and cap modes occurs. On the other hand, mixed motion 

of more than two driver parts are recognized as “breakup mode”. Here, two types of breakup mode (type 

A and type B) are taken up. Both breakup modes enforce higher amplitude sound radiation compared to 

local component modes. Especially, breakup mode of type B is defined as mixed vibration at least 

including a cone and a vice coil motions. This will generate a sharp sound pressure peak since cone has 

the large radiation surface and voice coil is the excitation point induced by the electro-magnetic force.  

5.4 Distribution of modal damping 

Modal damping is the essential parameter to compute relevant amplitude of dynamic motion and sound 

radiation. Here, a damped calculation called the QR eigenvalue method is used: this provides better speed 

improvements over the conventional damped method for complex modal analysis[10].  Figure 9 shows 

modal damping distribution corresponding to the modal classification shown in figure 8. Each local mode 

(surround, spider and cap) shows almost constant modal damping value over the frequencies since those 

local modes are influenced by a corresponding driver’s part. Thus the modal damping values are also quite 

similar to the constant structural damping ratio of ξ. On the other hand, both types of breakup modes are 

constructed by the combination of multi-component motions. Hence those damping factors show wide 
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variations over the frequency range. Especially, breakup modes of which modal damping is lower than 

6.0E-2 are identified as a cone-dominant mode that push up radiated acoustic energy in the mid-high 

frequency range. 

 

 

Figure 7: Modal participation ratio of the driver on the axial direction  

 

 

Figure 8: Classification of high order principal modes 

 

 

Figure 9: Modal damping distribution,  ◇: surround mode, □: spider mode, △: cap mode, ×: Breakup 

mode Type A, ＊: Breakup mode Type B 
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6 Experimental validation 

In order to validate the numerical models, the numerical prediction results of a bass reflex loudspeaker 

system are compared with measured data. The experiments are performed in an anechoic chamber. The 

input voltage of 1.0V is imposed at the driver. A microphone is located on the axis of 1.0m distance from 

the center of the tweeter as shown in figure 6. Numerical simulation results are obtained from the coupled 

FE/BE vibro-acoustic simulation, after that, on the post processing stage, calculated sound pressure is 

rescaled by eq.(7) which take into account the electrical input voltage of the measurements. Figure 10, 11 

represent the predicted sound pressure level [dB] and the electrical impedance [Ohm] for a frequency 

range from 20𝐻𝑧 to 15𝑘𝐻𝑧. Figure 10 compares the numerical simulation which includes only the first 

piston mode of the driver (solid line) with measurements (dot line). On the other hand, figure 11 compares 

the numerical simulation which includes additional 212 high order modes of the driver (solid line) with 

measurements (dot line). Both numerical simulations are in good agreement with measured frequency 

curve in the low frequency range. As frequency increases, however, the discrepancy between the result 

with only a piston mode and measurements gradually increases. On the contrary, the result taking into 

account additional breakup modes clearly capture the sound pressure characteristics covering the high 

frequency range. 

7 Conclusions 

This paper discusses the multi-physical numerical simulation for a loudspeaker system. The numerical 

model which takes into account coupled electro-vibro-acoustic phenomena has been developed and 

benchmarked. In order to be able to make an accurate prediction covering higher frequencies, two 

important processes are proposed. First, the unknown mechanical parameters of surround and spider are 

identified step by step to match the measured driver piston mode. Second, the axial breakup modes of the 

driver are chosen and used by means of a selection process based on the Modal Participation Factor. From 

the analytical and experimental investigation, it can be said that the behavior of the driver is strongly 

dependent on the back electromotive force. The modal parameters, such as modal frequency, mode shapes 

and modal damping, are properly scaled considering the effects of the Back Electromotive Force caused 

by electromagnetic systems. As a result of the comparison between simulation and measurements, the 

proposed numerical model provides the substantial improvement at the high frequencies, thanks to the 

additional breakup modes of the driver. 

 

 

Figure 10: Validation between multi-coupling numerical simulation with only a piston mode and 

measured data 
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Figure 11: Validation between multi-coupling numerical simulation including breakup modes and 

measured data 
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