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Abstract
A design sensitivity analysis of a sequential structural–acoustic problem is presented in which structural
and acoustic behaviors are de-coupled. A frequency-response analysis is used to obtain the dynamic
behavior of an automotive structure, while the boundary element method is used to solve the pressure
response of an interior, acoustic domain. For the purposes of design sensitivity analysis, a direct
differentiation method and an adjoint variable method are presented. In the adjoint variable method, an
adjoint load is obtained from the acoustic boundary element re-analysis, while the adjoint solution is
calculated from the structural dynamic re-analysis. The evaluation of pressure sensitivity only involves a
numerical integration process for the structural part. The proposed sensitivity results are compared to ﬁnite
difference sensitivity results with excellent agreement.
r 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction
Structure-induced noise and vibration control at low frequency is an important area of research
for reducing the noise level generated by various structural parts. In automotive applications, for
example, the noise level of a passenger compartment can be reduced by changing the structural
design parameters. Design sensitivity analysis (DSA) is an essential process in the gradient-based
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optimum control technique. Some research results have been reported in DSA of a structural–
acoustic problem. Ma and Hagiwara [1, 2], Wang et al. [3], and Choi et al. [4] developed DSA of a
coupled structural–acoustic problem using a ﬁnite element method (FEM). Either a direct or
frequency method is used to solve the system of matrix equations. However, the excessive number
of elements to represent the complicated three-dimensional acoustic cavity has been the major
bottleneck of the ﬁnite element-based approach [5]. To avoid the problems associated with a large
number of elements in an acoustic domain, Salagame et al. [6] presented an analytical sensitivity
method using a Rayleigh integral [7]. The sensitivity of a surface velocity is obtained by
differentiating the frequency-response matrix equation, and the pressure sensitivity is then
calculated by differentiating the Rayleigh integral. This approach is limited to a ﬂat plate
problem. Recently, Scarpa [8] proposed a parametric sensitivity calculation method using a
symmetric Eulerian formulation. The velocity potential is used instead of the pressure to represent
the ﬂuid’s behavior.
Compared to FEM, the boundary element method (BEM) has an advantage in the modelling of
the acoustic cavity: It is unnecessary to generate a complicated, three-dimensional acoustic model.
Several research studies have been conducted for DSA using BEM. Assuming that the structure’s
velocity sensitivity is known, Smith and Bernhard [9] developed a semi-analytical design
sensitivity formulation. Cunefare and Koopman [10], Kane et al. [11], Matsumoto et al. [12], and
Koo [13] presented an analytical design sensitivity formulation using BEM. For the general
structure-induced noise problem, however, the velocity sensitivity has to be calculated from the
structural frequency-response analysis [14]. A structural acoustic sensitivity algorithm with respect
to sizing design variables based on ﬁnite element and boundary element computations has been
presented [15]. A structural acoustic sensitivity formulation based on boundary elements has been
developed for structures subject to stochastic excitation [16].
In this paper, a design sensitivity analysis of a sequential structural–acoustic problem is presented
in which structural and the acoustic behaviors are de-coupled. For the case of a harmonic
excitation, the dynamic behavior of the structure is described using a frequency-response analysis. A
boundary element method [17] is used to calculate the radiated noise (pressure) from the structural
response (harmonic velocity). Instead of differentiating a discrete matrix equation, a continuous
variational equation is differentiated with respect to the design parameter. In case of sizing design,
the boundary integral equation does not contain any terms that are explicitly dependent on the
design; only implicitly dependent terms exist through the state variables.
While the direct differentiation method in DSA follows the same solution process as the
response analysis, the adjoint variable method follows a reverse process. One of the challenges of
the adjoint variable method in sequential DSA is how to effectively and practically formulate this
reverse process. For example, in the transient response DSA developed by Haug et al. [18], the
adjoint problem becomes a terminal-value problem, whereas the original problem is an initialvalue problem. Such an opposite solution process in the adjoint problem causes a signiﬁcant
amount of inconvenience and ineffectiveness in DSA. To overcome these difﬁculties, a sequential
adjoint variable method is presented in which the adjoint load is obtained from boundary element
re-analysis, and the adjoint variable is calculated from structural dynamic re-analysis. So far, no
research results have been reported in the development of the adjoint variable method in a
sequential problem. In addition, it is shown that the acoustic adjoint problem still uses the same
coefﬁcient matrix from the direct problem, even if the coefﬁcient matrix is not symmetric.

