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ABSTRACT 

Structure borne noise (SBN) is considered as a major contribution to the noise generated inside air-

crafts. Engineering methods, such as Component-Based Transfer Path Analysis (CB-TPA) methods, 

have been developed for SBN assessment. These methods are based on active and passive properties 

of the source and the receiving structure being coupled or decoupled. The theoretical formulation 

requires mobility according to all Degrees Of Freedom (DOFs) but the rotational DOFs cannot be 

measured easily. To this end, indirect methods have been developed and specific sensors have been 

proposed, resulting in a more complex experimental set-up and an increase in measurement uncer-

tainties. The need for assessing the full mobility matrices thus deserves to be investigated. The ro-

bustness of these methods with respect to the matrix completeness and the source behavior is inves-

tigated numerically in this work. A numerical model has been developed to simulate vibrating sources 

with simple or complex vibratory behavior and to assess the mobility matrices for any complete-

nesses. Velocity on the receiving structure is used as a target indicator. The influence of the source 

behavior and matrix completeness are discussed, and the results show that the required mobility 

matrix completeness depends on the source behavior.  

1. INTRODUCTION

Aircraft and helicopter manufacturers are interested in mastering the Structure Borne Noise (SBN) 

generated in the cabins and which originates from embedded vibrating systems [1]. Promising meth-

ods such as the Component-based Transfer Path Analysis (CB-TPA) methods could be used from the 

early phase of development for predicting SBN, but also during the validation phase. The CB-TPA 

methods require the knowledge of the intrinsic active dynamic property of the vibrating system (i.e., 

equivalent force at the connection points) and the passive property of the coupled structure (i.e., mo-

bility matrix) [2]. The latter could also be estimated form the passive property of the decoupled com-

ponents using a Dynamic Substructuring (DS) procedure [3]. The joint use of CB-TPA and DS, re-

ferred to as CB-TPA-DS hereafter, is thus well suited for the design phase when the two components 

are in development and cannot yet be coupled in practice. However, the application of CB-TPA meth-

ods is experimentally challenging [4] since the structure mobility assessment requires the 36 terms of 

the matrix when both translational and rotational degrees of freedom (DOF) are considered [5]. The 
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terms of the mobility matrix related to rotational degrees of freedom (RDOFs) represent 75% of the 

matrix completeness and are often neglected to reduce the measurement effort. Numerical investiga-

tions [6]–[8] have demonstrated that RDOFs cannot be neglected during DS procedure. Assessing 

the RDOF terms of the mobility matrix is feasible but requires indirect methods [5], [9] or specific 

instrumentation [10]. It has been suggested that the benefit of including RDOFs for CB-TPA appli-

cation depends on the dynamic behavior of the components [11], the used method [12] and the quality 

of the RDOFs determination [13]. Past investigations on the impact of RDOFs omission generally 

consist in comparing a matrix completeness involving all DOFs to one involving only translational 

DOFs (TDOFs) and do not consider the possible influence of the system active behavior. In contrast, 

the impact of omitting the terms related to in-plane DOFs is not well known [14]. In this paper, the 

effect of the mobility matrix incompleteness on the accuracy of CB-TPA and CB-TPA-DS methods 

is addressed through a numerical study. This study is carried out on coupled structure made of a 

clamped aluminum plate and a cubic source having two different vibrating active behaviors.  

Four mobility matrix completenesses are considered and involve different measurement efforts and 

technique capabilities. Section 2 starts with the theoretical background on the CB-TPA and CB-TPA-

DS methods. Section 3 presents the numerical model. The results are shown and discussed in Sec-

tion 4. 

 

2.    Theoretical background 

CB-TPA and CB-TPA-DS methods allow assessing the dynamical response of a coupled structure 

AB at a target point (3), as seen on Figure 1. The coupled structure is made of a vibrating source A 

attached to a receiving structure B. Both components are connected together at interface (2) through 

a rigid and massless connection. The physical indicator at the target location (3) could be a movement 

quantity such as velocity 𝑢3
 .  

The CB-TPA method requires the transfer mobility of the coupled structure 𝐘32
𝐴𝐵 and the equivalent 

force (also called blocked force) of the source 𝑓2
𝑒𝑞

 at the connection point to give the target velocity 

𝑢3
  according to (see the step a) and b1) in Figure 1)  

 𝑢3
 = 𝐘32

𝐴𝐵𝑓2
𝑒𝑞

. (1) 

 𝑓2
𝑒𝑞

 are assessed in situ using an indirect approach requiring the transfer mobility 𝐘42
𝐴𝐵 and the veloc-

ity 𝑢4
  (see the step a) in Figure 1) according to  

 𝑓2
𝑒𝑞 = (𝐘42

𝐴𝐵) 
+𝑢4

 . (2) 

In the following, the CB-TPA method based on Eqs. (1) and (2) is referred to as CB-TPA-IS. For 

assessing the target response 𝑢3
  based only on decoupled component properties, a DS procedure (see 

the step b2) in Figure 1) is used to reconstruct the transfer mobility of the coupled structure 𝐘32
𝐴𝐵 based 

on the mobility matrices of the decoupled components 𝐘22
𝐴 , 𝐘22

𝐵  and 𝐘32
𝐵  according to 

 𝐘32
𝐴𝐵 = 𝐘32

𝐵 (𝐘22
𝐴 + 𝐘22

𝐵 ) 
−1𝐘22

𝐴 . (3) 

 

The CB-TPA method based on Eqs. (1) and (3) (i.e., involving DS procedure) is referred to as CB-

TPA-DS-IS in the following.  

 



 
Figure 1 : Schematic representation of the steps involved in the application of the CB-TPA (steps a) 

and b)) and CB-TPA-DS-IS (steps a) and c)) methods. 

 

The CB-TPA-IS and CB-TPA-IS-DS methods are used to assess the target velocity at numerous point 

locations uniformly distributed on an area 𝑆 of the receiving structure. The spatial averaged mean-

square velocity ۃ𝑢3
 is then computed according to ۄ2

𝑢3ۃ 
ۄ2 =

1

2𝑆
׭ ȁ𝑢3

 (𝑥, 𝑦)ȁ2𝑑𝑆
 

𝑆
, (4) 

where 𝑢3
  is the component of the target velocity normal to the surface of the structure. The mean-

square velocity ۃ𝑢3
-is used here as an objective indicator for evaluating the impact of matrices in ۄ2

completeness on the accuracy of the CB-TPA methods. Only the velocity normal to the surface of the 

receiving structure is considered.  

 

3.    Numerical model 

3.1.    Source, receiving structure, test bench and coupled structure 

The numerical model has been developed with Ansys Mechanical APDL. Components and coupled 

structure geometries are presented in Figure 2. An aluminum cubic 100 mm square in shape is used 

as the source. The geometry is meshed with 20 000 solid elements with 6 DOFs/node. The active 

dynamic behavior of the source is modeled by applying excitations to the faces of the cube as detailed 

in Section 3.2. Here, the receiving structure is an aluminum plate whose dimensions are 

(1371.6×965.2×3 mm 
3) and the plate boundary conditions are clamped. The geometry is meshed 

with 14 000 shell elements with 6 DOFs/node. Using a plate is a common practice to mimic in a 

simple way the dynamic behavior of an aircraft structure [1]. 

Components are rigidly coupled together thanks the Multi Point Constraints (MPC) method. The 

mechanical properties of the aluminum of both components are: Young’s modulus of 65.6 GPa, den-

sity of 2700 kg/m 
3, Poisson's ratio of 0.33 and damping of 5%. 

The simulations have been performed using a complete resolution (i.e., without modal summation) 

with a frequency step of 1 Hz over a frequency range from 40 to 3000 Hz. 

 

a)  b)  c)  

Figure 2 : Meshes geometries of the a) source, b) receiving structure and c) coupled structure. 



3.2.    Source excitation 

Two different active dynamic behaviors have been simulated and are referred to as Excitation#1 

and Excitation#2. The amplitude and location of force and moment components of the two sources 

are given in Figure 3. Pilot nodes have been used to apply moments. 

a) b)  

Figure 3 : Details of the set of excitations applied for the a) Excitation#1 and b) Excitation#2. 

 

Excitation#1 is considered as the source with the simple active dynamic behavior, mainly in transla-

tion along the Z-axis. Excitation#2 is more complex since it generates a force along z and two mo-

ments around x and y axes. 

 

3.3.    Mobility matrix completeness 

The following four mobility matrix completenesses are considered for investigations: 

 The FULL completeness, which includes the 6 DOFs (i.e., 𝐘22
𝐴 , 𝐘22

𝐵  and 𝐘22
𝐴𝐵∊ℂ 

6x6). 

 The OOP completeness, which includes the 3 out-of-plane DOFs (i.e., 𝐘22
𝐴 , 𝐘22

𝐵  and 

𝐘22
𝐴𝐵∊ℂ 

3x3), namely the Z-axis TDOF and the X- and Y-axis RDOFs. This completeness is 

well suited for bending motions.  

 The TDOF completeness, which includes the 3 TODFs (i.e., 𝐘22
𝐴 , 𝐘22

𝐵  and 𝐘22
𝐴𝐵∊ℂ 

3x3). 

 The Z completeness, which includes the Z-axis TODF only (i.e., 𝐘22
𝐴 , 𝐘22

𝐵  and 𝐘22
𝐴𝐵∊ℂ 

1x1).  

A depiction of the four mobility matrix completenesses is shown in Figure 4. The TDOF and Z com-

pleteness require only an impact hammer and accelerometers for experimental application, while the 

FULL and OOP require specific instrumentation or indirect methods to assess terms related to 

RDOFs, inducing additional sources of uncertainties. 

 

 
Figure 4 : Depiction of the Z, TDOF, OOP and FULL completenesses considered (color online). 

 

4.    Results and discussion 

4.1.   Description of the boxplot representation 

This section first investigates the accuracy of the CB-TPA-IS method (Eq. (1) and (2)) when the 

second source (Excitation#2) is considered. A direct comparison of the reference and assessed target 



mean-square velocity ۃ𝑢3
𝑢3ۃ is shown in Figure 5. The reference and assessed target ۄ2

 spectra when ۄ2

the FULL completeness is considered are shown in Figure 5 a) and b), respectively in narrow band 

and 12th
 octave band. The target ۃ𝑢3

-is perfectly assessed when the FULL completeness is consid ۄ2

ered, which allows verifying the application of the CB-TPA method. The reference and assessed 

target ۃ𝑢3
 spectra when the Z completeness is considered are shown in Figure 5 c) and d) respectively ۄ2

in narrow band and 12th
 octave band. The target ۃ𝑢3

-is globally correctly assessed but large discrep ۄ2

ancies appear at low and high frequencies.  

For synthesis purposes, a statistical tool is proposed for rapidly evaluating the accuracy of the target 

dynamic behavior assessment. To this end, the difference between the assessed and reference target 

𝑢3ۃ
 is first computed at each frequency, then, averaged over the frequency range of interest and ۄ2

finally, statistical quantities (e.g., mean, median, quartiles) are calculated and represented using a 

boxplot. The boxplots associated to Figure 5 a) and b) and c) and d) are respectively shown in Figure 

5 e) and f). The red line and black cross correspond respectively to the median and mean value and 

allows quantifying the trend/accuracy of a method (i.e., if it is globally over- or under-estimating the 

target response). Two medians are considered to be different when the notches of the associated boxes 

do not overlap. The blue box limits the 1st and 3rd quartiles, namely 50% of the values are included 

inside, and is called Interquartile Range (IQR). The box is extended by whiskers that have a maximum 

length of 1.5 times the IQR. The box and the whiskers allow for quantifying the variability of the 

target assessment over the frequency range of interest. The red crosses represent the outliers and are 

considered as statistically different from the others (i.e., which are associated with local phenomena). 

 

 
Figure 5 : Reference and assessed target indicator ۃ𝑢3

 using the CB-TPA-IS method: in a) narrow ۄ2

and b) 12th octave band considering FULL completeness and in c) narrow and d) 12th octave band 

considering Z completeness. Boxplot representation of the difference between the reference and as-

sessed target indicator ۃ𝑢3
 .associated to e) the FULL and f) the Z completenesses ۄ2

 

For both FULL and Z completenesses, the 12th
 octave band allows to keep the overall and local trends 

of the narrow band representation while smoothing the curve a bit. This smoothing allows to reduce 

the number of outliers in the boxplot and therefore to have a better understanding of the content of 

the boxplot. For the following, only the boxplots associated to the 12th
 octave band are considered, 

increasing the influence of low frequencies in the boxplot representations, since the octaves are 

smaller at low frequencies. 



 

4.2.    Transfer path analysis methods robustness evaluation 

The target indicator ۃ𝑢3
 is assessed using each CB-TPA method, source excitation and mobility ۄ2

matrix completeness and is shown in Figure 6 using the boxplot representation. 

As shown in Figure 6 a), the CB-TPA-IS method correctly assesses the target vibratory indicator of 

the plate ۃ𝑢3
-when Excitation#1 is considered (see green part of Figure 6 a)), regardless the com ۄ2

pleteness. This result suggests that, as expected, the simple source configuration only involves the 

contribution of the Z-axis TDOF which is the most significant. A mobility matrix completeness in-

cluding 1 or 3 TDOFs could be suitable when sources with simple active dynamic behavior are con-

sidered. However, when a source with a more complex active dynamic behavior is considered such 

as Excitation#2 (see red part of Figure 6 a)), only the FULL and OOP completenesses allow a perfect 

assessment of the target indicator. In this case, the passive dynamic behavior of the coupled structure 

is mainly governed by bending. The TDOF and Z completenesses are not well suited for describing 

bending motions. In this case, the OOP completeness seems to be the best trade-off between robust-

ness and ease of application since it does not require the measurement of in-plane terms, often diffi-

cult to measure experimentally. 

As shown in Figure 6 b), the CB-TPA-DS-IS method is less accurate than the CB-TPA-IS method. 

When Excitation#1 is considered (see green part of Figure 6 b)), ۃ𝑢3
 is perfectly assessed with FULL ۄ2

completeness and is satisfyingly estimated with the other completenesses. When Excitation#2 is con-

sidered (see red part of Figure 6 b)), ۃ𝑢3
 is perfectly assessed with FULL completeness and the three ۄ2

other completenesses lead to inconsistent assessments, especially for the OOP completeness. These 

inaccuracies are most probably due to the reconstruction of 𝐘32
𝐴𝐵 by the DS procedure, based on the 

components mobilities, since the 𝑓2
𝑒𝑞

 are the same than those previously used in the CB-TPA-IS 

method. The terms with the highest amplitude of 𝐘22
𝐴  are located on the diagonal and an anti-diagonal 

of the mobility matrix, while the receiving structure mobilities 𝐘22
𝐵  and 𝐘32

𝐵  are mainly governed by 

bending (i.e., terms related to the out-of-plan DOFs). Only the FULL completeness allows to correctly 

reconstruct 𝐘32
𝐴𝐵. The reconstruction of this mobility therefore seems to be a very sensitive process. 

When components with different passive dynamic behavior are considered, it is suggested to consider 

all of the DOFs, in order to provide a good reconstruction of the coupled structure mobility. These 

inaccuracies may be amplified when sources with complex active dynamic behavior is involved. 

 

a)  b)  

Figure 6 : Boxplots representation related to the a) CB-TPA-IS and b) CB-TPA-DS-IS methods, con-

sidering the four completenesses and excitations. 

 

5.    CONCLUSIONS 

 



The CB-TPA with or without DS are promising methods for controlling noise on aircraft, but are still 

limited by experimental challenges such as the selection of DOFs required to fill in the mobility 

matrices. In this work, the influence of mobility matrix incompleteness on the CB-TPA-IS and CB-

TPA-DS-IS methods has been addressed, considering two distinct active dynamic behaviors of the 

source and four mobility matrix completenesses. The spatial averaged mean-square velocity of the 

receiving structure has been determined from the aforementioned CB-TPA methods and used as ob-

jective indicator to evaluate their accuracy. 

It has been observed that the influence of the mobility matrix completeness depends on the CB-TPA 

method (i.e., with or without DS) and on the complexity of the active dynamic behavior of the 

source. The CB-TPA-IS method provides good velocity assessments, if not perfect, regardless the 

source active dynamic behavior when the OOP completeness is considered. Indeed, this complete-

ness is well suited for characterizing the bending behavior of the coupled structure. The CB-TPA-

DS-IS method is based only on decoupled properties of the assembly and is shown to be less accu-

rate than the CB-TPA-IS method. The reconstruction of the coupled structure mobility by the DS 

procedure seems to be very sensitive to the matrix completeness. For this reason, a FULL complete-

ness seems to be the only suitable one, especially when a source with a complex active dynamic be-

havior is considered. As perspectives, the investigations on the robustness of the CB-TPA methods 

could be extended 1) by considering other CB-TPA methods, 2) by evaluating other sources of un-

certainties and 3) by validating/completing the observations with experimental applications. 
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