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Introduction 
Increasing customer requirements and environmentally 
demands, the shortened development times, the necessary 
weight reduction and function-integration are pressing 
influence factors for the design of future lightweight 
structures. In the course of these challenging demands, 
composites with fibre- or textile-reinforcements offer new 
possibilities for a function-integrated design due to their 
versatile property profile. The big amount of adjustable 
parameters like layerwise fibre orientation, thickness and 
material requires the utilization of efficient optimisation 
methods, which take into account not only the stiffness but 
also the vibration and sound radiation behaviour. 

For this, an optimisation tool based on a semi-analytical 
model for the calculation of the sound radiation of composite 
plates was developed. The design tool enables the 
calculation of optimal parameters to given requirements. 
Within this paper the results of selected optimisation 
scenarios are presented including the influence of 
frequency/stiffness limits and mass restrictions on the 
optimal composite lay-up with minimised sound radiation. 
The developed tool and the performed studies allow the 
derivation of design guidelines giving the engineer the 
possibility to fully exploit the lightweight and vibro-acoustic 
potential of composite materials. 

Models for an acoustic optimisation of 
composites 
Solving an optimisation problem requires suitable objective 
functions and optimality constraints, which are mostly not 
known as analytical functions [1]. Thus, an indirect 
optimisation is not suitable for tasks like complex vibro-
acoustic problems with fibre-reinforced structures, because 
the describing equations are not available in an analytical 
closed form and can only be solved using numerical 
methods. In this case, so called direct optimisation methods 
can be used, improving the values of the objective function 
with the help of standardised algorithms until a termination 
condition is met. The objective function is considered to be a 
kind of black box and e.g. can be given as simulation model 
or experimental set-up. The iterative sequence of this direct 
optimisation methods can be described in terms of an 
optimisation loop (see [2] and Fig. 1). 

 
Figure 1: Optimisation loop in terms of the “Three 
Columns Concept” 

Integral part of the optimisation loop is the optimisation 
model (2nd column). It connects the optimisation algorithm 
with the structural model, which describes the reaction of the 
structural behaviour depending on the analysis variables. 
Within this model the design variables (e.g. fibre directions) 
are converted into analysis variables (e.g. layer angle) using 
a special design model (e.g. multi-layer composite model). 
Furthermore, the results of the structural model are 
transferred into a state variable (objective function) by a 
problem adapted evaluation model (e.g. weighting of 
objectives) to evaluate the fitness of the calculated structural 
reactions. The optimisation algorithm calculates a new set of 
design variables using the information about the determined 
state variables. The optimum is then iteratively calculated by 
repeating the described loop until the objective function is 
minimized considering potential restrictions. 

A powerful optimisation algorithm is necessary in order to 
minimize the sound radiation of composites, because of the 
wide variety of composite-specific design and analysis 
variables. For this, Evolutionary Algorithms (EA) are 
suitable due to their advantages regarding optimisation tasks 
with multimodality, discontinuity and nonlinearity (see e.g. 
[3, 4]) like vibro-acoustic problems in composite structures. 
Furthermore, this optimisation method has delivered a good 
performance in different scientific areas [5-9]. 

Evolutionary Algorithms 
The main idea of EA is the utilisation of the principle of the 
biological evolution (“survival of the fittest”). EA are 
stochastic search techniques and thus use several potential 
solutions of the optimisation task defining a population of 
individuals, whose fitness is iteratively increased by 
applying a series of operators (selection, recombination, 
mutation etc.). Each individual contains the vector of design 
variables (genome), which is modified by the operators. The 
resulting individuals form a new population. The basic 
procedure of an EA is shown in Fig. 2. 
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Figure 2: Basic procedure of an EA 

Starting point is the generation of the initial population 
consisting of individuals, whose fitness is assigned based on 
the values of the objective function calculated within the 
structural and optimisation model. Within this work, the 
algorithm-specific operators selection of parents, generation 
of children by recombination and mutation, assigning fitness 
values and reinsertion of the children in the total population 
are applied to the individuals to iterative increase their 
fitness values until a termination condition is met. The EA-
specific operators are described in more detail in [4]. 

Analytical based structural model for the 
calculation of sound radiation of composites 
A fast vibro-acoustic preliminary design of multi-layered 
lightweight structures was done with plates chosen as 
fundamental structures appearing e.g. in car bodies. For this, 
efficient analytical based models for the structural-dynamic 
and acoustic simulation were developed using higher 
theories [10]. In contrast to conventional numerical methods, 
a simulation tool spanning different composite classes is 
provided, allowing an analysis of the complex material-
specific and acoustic interactions of dynamically loaded 
composite components. 

The developed practically relevant simulation models were 
verified with numerical methods like Finite Element 
Methods and Boundary Element Methods and experimental 
investigations using laser-vibrometer and sound intensity 
technique, which were done with selected glass and carbon 
fibre-reinforced plastics [10-12]. 

The developed vibro-acoustic simulation model was 
modified in order to use it as structural model within an 
optimisation process (see Fig. 1). Figure 3 shows the 
resulting program architecture including the used default and 
design variables as well as the computable objectives. 

 
Figure 3: Programme architecture within the structural 
model adapted for the use in an optimisation process 

Using this adapted simulation model, it is e.g. possible to 
minimize the modal sound radiation by determining optimal 
number and orientation of the composite layers. 
Simultaneously, stiffness constraints in terms of limiting a 
chosen eigenfrequency can be considered. 

Optimisation tool and studies 
The connection between the optimisation algorithm and the 
structural model takes place within the optimisation model 
(see Fig. 1), wherein different objective functions and design 
variables can be included. A first exemplarily chosen simple 
optimisation scenario includes the minimisation of the sound 
radiation caused by the first mode shape of a fully clamped 
rectangular plate with a symmetrical 6 layer lay-up. 

 
Figure 4: Investigated composite plate made from a 
symmetrical 6 layer laminate 

Consequently, the design model includes the transformation 
of the design variables e = (e1, e2) into the analysis variables 
φ1...φ3 and h1...h3. The evaluation model converts the 
objectives (e.g. modal sound radiation) into a state variable 
and contains also the formulation of restrictions. Figure 5 
gives an overview of the performed optimisation scenarios 
(OSC). 

 
Figure 5: Calculated optimisation scenarios (OSC) 

For example, the optimisation scenario OSC1 contains a 
sandwich material with a steel core layer and high damping 
glass fibre-reinforced epoxy laminates as face sheets. The 
first design variable e1 stands for the fibre angles φ1 and φ2 
of the composite material, whereas e2 represents the 
thickness ratio h1/h3 between the composite and the steel 
layer at a constant overall thickness of 2 mm. 

Preliminary investigations using parameter 
studies 
To ensure a proper functionality of the developed 
optimisation tool and to evaluate the sensitivity of the 
chosen design variables, detailed parameter studies were 
performed with basic configurations. 

As an example, Figure 6 shows the results of a parameter 
investigation based on OSC1 (see Fig. 5) in form of a 
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surface plot of the eigenfrequency, modal damping and 
modal sound radiation. 

 
Figure 6: Influence of the composite lay-up on the 
eigenfrequency, modal damping and modal sound radiation 
of the first mode shape (based on OSC1) 

As expected, the eigenfrequency, modal damping as well as 
the modal sound radiation are highly sensitive to both the 
fibre-angle of the composite material and the thickness ratio 
between composite face and steel core layers. The highest 
frequencies are calculated for e2 = 0.1, representing a nearly 
isotropic steel plate. This “sandwich” set-up leads to high 
frequencies, but shows the lowest damping values. The 
modal sound radiation exhibits a minimum at e1 = 0° and 
e2 ≈ 1.6. For a design variable e1 = 0°, an increase of e2 leads 
to 

• lower eigenfrequencies, usually inducing higher 
sound radiation, 

• higher damping values, usually inducing lower sound 
radiation and 

• lower mass (and thus increasing e2, see Fig. 7), 
usually inducing higher sound radiation. 

 
Figure 7: Thicknesses (left) and weight (right) of GF/EP-
and steel-layers for both OSC1 and OSC2 as a function of 
the design variable e2 

Thus, the appearing minimum of the sound radiation is 
caused by a combination of frequency, damping and mass 
effects. 

Furthermore, the influence of the chosen mode shape was 
investigated. Figure 8 shows the objective function – which 
in these cases equals the modal sound radiation – for two 
acoustically relevant modes. 

 
Figure 8: Characteristic of the objective function (modal 
sound radiation) for different mode shapes (OSC1 and 
OSC2) 

The sound radiation shows a high sensitivity to the design 
variables fibre angle e1 and thickness ratio e2 for both mode 
shapes. In addition, it should be noticed that both the level 
and position of the minimum is dependent on the chosen 
mode shape. Because of its high sound radiation level and 
thus its high relevance for the total sound radiation, the 
following calculations are limited to the first mode shape. 

The selection and inspection of the optimisation parameters 
like kind of selection, recombination or size of population 
was done amongst others with a comparison between the 
results of optimisation and parameter studies. Exemplarily, 
Figure 9 shows the objective function (sound radiation of the 
first mode shape) of OSC1 and the individuals at the 
beginning, during and at the end of the optimisation. 

 
Figure 9: Objective function as a result of a parameter 
study and the individuals during the optimisation loop 
(based on OSC1) 

The chosen optimisation parameters lead to a good focussing 
already after five generations and to a successful stop of the 
optimisation loop after 22 generations.  

Frequency/stiffness limits 
In many cases, the modal sound radiation of composite 
materials is dominated by its corresponding modal damping 
values (see e.g. [13]). Thus, reaching low sound radiation 
means lower frequency/stiffness of the composite structure 
(assuming a constant weight). However, the main reason for 
using fibre-reinforced materials within high-performance 
applications is their high specific stiffness. Consequently, 
minimizing exclusively the sound radiation is not advisable. 
Hence, a lower frequency limit of 24 Hz was inserted in the 
objective function. Figure 10 shows the characteristic of this 
function without and with frequency restriction (OSC1 vs. 
OSC3). 

 
Figure 10: Characteristic of the objective function without 
(left) and with (right) frequency restriction (OSC1 and 
OSC3) 

The area around the desirable minimum of sound radiation 
of OSC1 is close to the range of eigenfrequencies below the 
frequency limit (compare Fig. 6). Within OSC3, a penalty is 
added to the objective function for combinations of design 
variables leading to frequencies below 24 Hz. This causes a 
shifting of the optimum from e = (0°, 1.6) to e = (0°, 0.5). 
Though, the achievable minimum of the radiated sound 
power increases from 110 dB (OSC1) to 112 dB (OSC3). 
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Mass restrictions 
To avoid subsequent actions for noise reduction, it is 
advisable to take into account in addition to stiffness and 
frequency also the structural weight. Thus, OSC4 includes 
the minimisation of the weight of the plate, but ensures also 
a minimum of the first eigenfrequency of 24 Hz and a 
limited sound radiation. Based in this optimisation scenario, 
the optimal design variables are calculated to e = (55°, 10.0), 
which represents a GF/EP-composite with no steel core 
layer. 

Conclusions 
The rapidly progressing development of new function-
integrating lightweight structures leads to an increasing use 
of weight reduced solutions with high performance 
composites. Here, the growing customer demands on 
comfort and safety require not only high specific lightweight 
properties but also reduced vibrations and sound radiation. 
The complex interaction of frequency, damping and mass 
effects on the radiated sound power of lightweight 
composites and sandwich structures requires a case-by-case 
evaluation. Depending on the main goal of the design 
process, the developed optimisation tool enables the 
engineer to quickly find an optimal material lay-up. 

Based on a material-adapted optimisation tool, the influence 
of chosen mode shapes, stiffness limits and mass restrictions 
on the minimum of the modal sound radiation was 
investigated. The results show a high sensitivity of the 
calculated sound radiation concerning the investigated 
variables like fibre direction and thickness ratio. For 
example, the introduction of a minimum frequency in the 
optimisation process leads to a clear shift of the calculated 
minimum for the sound radiation. 

The performed parameter studies clearly reveal the 
complicated physically based coupling of the manifold 
dynamic and composite-specific design variables. Thus, for 
a material adapted vibro-acoustic design of fibre-reinforced 
composites and sandwich materials a detailed structural-
dynamic and acoustic analysis is necessary. Here, the 
developed optimisation tool based on analytical vibro-
acoustic simulation models in combination with 
Evolutionary Algorithms are a valuable support for the 
engineer in order to exploit the high lightweight acoustic 
potential of lightweight materials. 
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