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Introduction
The development of low-noise vehicle designs requires a
high level of understanding of the vibroacoustic trans-
mission paths within the overall system. A key question
in the acoustic vehicle development process is therefore
which source contributes to disturbing noise phenomena in
the vehicle interior, via which transfer path, and to what
extent. Transfer path analysis (TPA) has established
itself as a key tool in NVH development for answering
this questions. It enables the development of a detailed
understanding of the chain of effects with regard to the
relevant noise and vibration sources and their transfer
paths into the vehicle interior.

The engine mount is a key component in the transmis-
sion path from vibration generated by the power unit
(engine + gearbox) to sound perception inside the vehi-
cle cabin. These rubber mounts isolate the power unit’s
vibrations from the vehicle body, thereby significantly
reducing disturbing structure-borne noise. Their transfer
and damping properties have a major influence on the
NVH behavior of the powertrain and affect the transmis-
sion of vibrations and noise into the vehicle interior. The
direction- and frequency-dependent transfer behavior of
the drive unit´s mounts is therefore an important lever
for acoustic optimization. Against this background, key
questions arise: Which transfer paths and excitation di-
rections are particularly relevant or sensitive for interior
noise, and which transfer behavior of the engine mounts
enables optimal achievement of acoustic targets? An-
swering these questions is crucial to ensuring efficient,
target-oriented, and traceable NVH optimization within
the vehicle development process.

Transfer Path Analysis (TPA)
A widely used method for analyzing the dynamic behavior
of complex technical systems is the transfer path analysis
(TPA). TPA is generally understood to be a collection of
tools used to analyze NVH behavior. TPA describes op-
erational excitations and the transfer of structure-borne
(and airborne) sound in a technical system. A comprehen-
sive overview and description of important TPA methods
can be found in [1] and [2]. In general, three different
types of TPA are distinguished: classic, component-based,
and transmissibility TPA. Transmissibility TPA is used to
determine and evaluate the transmission behavior between
response points of the overall system under operating ex-
citations and is therefore used for the analysis of existing
systems. However, it cannot be used to map changes in
substructures and their influence on the overall system
without re-performing measurements.

In contrast, classic and component-based TPA differ fun-
damentally from transmissibility TPA as explained below.
An example system shown in Figure 1 is used to describe
the two methods. The system consists of a source struc-
ture s and a receiver structure r. The source contains
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r

Figure 1: Division of a system into source s and receiver r.

the exciting forces and moments fS at point S (for the
sake of simplicity, forces and moments are summarized as
forces only). The receiver structure includes any system
response uR at point R. The connection between the two
points is represented by the transfer paths Ysr

RS . The
superscript sr indicates the overall system composed of
s and r. The description of the overall system dynamics
within the framework of TPA is traditionally carried out
in the frequency domain, using

uR(ω) = Ysr
RS(ω)fS(ω) (1)

to link the source-side forces and system response via
the transfer properties from the source to the receiver.
The actual excitation at point S, which in general cannot
be measured directly, is in both TPA methods replaced
by forces at the interface I representing the operating
excitations. The difference between the two methods
lies in the interface forces and in the consideration of
the coupled overall system and the decoupled receiver
side as illustrated in Figure 2. The basic idea behind
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Figure 2: Principle of classic and component-based TPA.

classic TPA is to determine the interface forces in oper-
ation for the coupled system. The interface forces can
be measured directly, which is generally difficult because
force sensors must be applied directly at the interface.
Otherwise, forces must be calculated indirectly using the
matrix inversion method from measured accelerations and
admittances. The principle of classical TPA is based on

DOI: 10.71568/daga2026.069DAGA 2026 Dresden

558



“cutting” the overall system at the interface and applying
the determined interface forces to the receiving structure,
which corresponds to a closed and complete representa-
tion of the dynamic behavior of the overall system. The
operating excitations at point S are transferred to the re-
ceiver structure by the interface forces and thus generate
the same response as the non-measurable operating forces.
The main disadvantage of classic TPA in the context of
system optimization is, that the interface forces deter-
mined in operation (combined overall system) are applied
to the decoupled receiver structure. The interface forces
are therefore a property of the assembled overall system.
If changes are made to the overall system, for example by
replacing subsystems at the receiver, these interface forces
must be determined again. From this point of view, classic
TPA and component-based TPA differ fundamentally. In
component-based TPA (CB TPA), the system excitations
are represented at the interface in the form of so-called
equivalent forces, which are an inherent property of the
source and not of the overall system. The term CB TPA
generally refers to different concepts, which are all based
on the principle described above. Among the best-known
representatives of these concepts are blocked forces, free
velocities, and in-situ source characterization. The core
feature of the CB TPA, which utilizes equivalent forces as
an inherent property of the source and thus enables the
integration of a source into various receiver structures,
forms the basis for a sensitivity analysis as described in
the following sections.

CB TPA Model of Example System
A Volvo XC40 B4 mild hybrid has been used to demon-
strate the process of an engine mount sensitivity analysis
using a CB TPA model. The powertrain of the vehicle is
mounted using two engine mounts and two torque rods,
illustrated in the left side of Figure 3. The evaluation
of mount transfer behavior requires, on the one hand,
consideration of the dynamic properties of the overall sys-
tem, characterized by the transfer paths in the assembled
state, and, on the other hand, the application of operating
excitation. The right side of Figure 3 shows the structure
of the CB TPA model consisting of a source (engine),
which includes the operating excitation, four mounting
elements and a receiving structure (vehicle body). The
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Figure 3: Example system for sensitivity analysis.

interface between source and receiver was intentionally
chosen in that way that the equivalent forces act on the
connections between the motor and the rubber mounts
which therefore represent a substructure of the receiver.

The subdivision of the receiver into vehicle structure and
mount is shown schematically in Figure 4. By choosing the
interface at the coupling points on the active side, it is thus
possible to change the receiver structure and maintain

the validity of the source-side properties (admittances
and operating forces). All mounts are represented in
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Figure 4: CB TPA model of powertrain and vehicle for
sensitivity analysis.

the form of FRF matrices (admittance form) with one
node at the input and one node at the output, each
with three translational and three rotational degrees of
freedom (DoF). The admittance matrix of a mount Ymk

with k ∈ {1, 2, 3, 4} consists of four submatrices: the input
admittance Y11 at the coupling point on the active side,
the input admittance Y22 at the coupling point on the
passive side, and the two transfer admittance matrices
Y12 and Y21:

Ymk =

[
Y11 Y12

Y21 Y22

]mk

(2)

Each submatrix Ymk
ij ∈ C6×6 links all considered DoF

(including translational DoF x, y, z and rotational DoF
α, β, γ):

Ymk
ij =


Y xx
ij Y xy

ij . . . Y xγ
ij

Y yx
ij Y yy

ij . . . Y yγ
ij

...
...

. . .
...

Y γx
ij Y γy

ij . . . Y γγ
ij


mk

(3)

The admittance matrix of coupled overall system Ỹ, as-
sembled from subsystems, can be calculated using the
Lagrange Multiplier Frequency Based Substructuring
(LM FBS, cf. [3]) equation in dual formulation

Ỹ = [I−YBT (BYBT )−1B]Y (4)

where Y is the block diagonal matrix of the uncoupled
subsystems consisting of Ym1 . . .Ym4 as admittance ma-
trices of mounts m1 to m4 and the admittance matrices
of source Ys and receiverYr

Y = diag (Ys,Ym,Yr) (5)

with

Ym = diag
(
Ym1, ... ,Ym4

)
(6)

where I as identity matrix and B as Boolean constraint
matrix to define how DoF at the interfaces are connected.
The parameterization of the CB TPA model is based
on measurement data. The source is represented by the
determined input admittance and the equivalent forces
acquired from an in-situ source characterization for the
corresponding operating points of the vehicle. The re-
ceiver is characterized by the input admittance and the
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transfer functions to the response positions. The initial
dynamic behavior of the mounts have been measured
based on a 6 DoF free-free mount characterization using
Virtual Point Transformation (VPT, cf. [2]). VPT data
acquisition has been carried out using the specialized
software DIRAC by VIBES.technology. Corresponding
operational measurements, used for source characteriza-
tion and validation, have been carried out at a roller
dynamometer.

Sensitivity Analysis Approach Based on
CB TPA
The answers to the key questions ”Which transfer paths
and excitation directions are particularly relevant or sen-
sitive for interior noise, and which transmission behavior
of the engine mounts enables optimal achievement of
acoustic targets?” can be provided using a sensitivity-
based contribution analysis in the overall system context.
The sensitivity analysis is carried out using a frequency-
dependent limit curve for a response from the overall
system. This system response can be any DoF located on
the passive side of the system (receiver), e. g., accelera-
tions, sound pressure levels or psychoacoustic parameter.
The limit curve is compared to the predicted initial sys-
tem response and a difference is calculated in order to
identify critical frequency ranges where the limit curve is
exceeded (see Figure 5).
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Figure 5: System response and limit value curve (left) and
corresponding representation of the difference(right).

The difference between the system response and the limit
curve forms the basis for the subsequent sensitivity anal-
ysis, as it contains all relevant transfer paths and their
contribution to the system assessment. In a next step, the
difference curve is used to determine the transfer paths
of the analyzed substructure that exhibit the highest sen-
sitivity in relation to the defined target variable. This
sensitivity-based contribution analysis is performed by
means of two consecutive calculations. The first step is
based on a variation in the dynamic stiffnesses of the
mount under consideration. The mount as a subsystem
represents a single submatrix in the block diagonal matrix
of the uncoupled subsystems of the FBS model in Eq. (5)
and Eq. (6). By changing this submatrix and a subsequent
coupling using LM FBS, the response of the overall sys-
tem can be calculated by applying the equivalent forces.
The transfer behavior of a mount is represented by a
complex-valued FRF matrix with the dimension 12× 12
(see Eq. (3)). By exploiting FRF reciprocity, each element
of the upper triangular part of the matrix are sequen-
tially replaced by a constant dynamic stiffness in the first
step of the calculation. The corresponding reciprocal ele-
ment in the full 12 × 12 matrix is adjusted accordingly.

The remaining matrix elements are not changed for rea-
sons of simplification. For a defined stiffness value, the
dynamic stiffnesses are first determined assuming con-
stant damping, so that the corresponding transfer path is
represented by a massless spring-damper element. The
coupling of the overall system is achieved by replacing the
mount substructure in the matrix of uncoupled subsys-
tems (Eq. (5) and Eq. 6)) and the subsequent calculation
using the LM FBS formulation (Eq. (4)). After applying
the equivalent forces to the newly created overall system,
the corresponding system response can now be calculated
and compared with the limit value curve. The results as a
set of frequency-dependent response-to-target differences
(RTD) are illustrated in Figure 6 for a chosen example
DoF. On the left side of Figure 6, selected RTDs are shown
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Figure 6: RTD for selected stiffnesses (left) and resulting
frequency-stiffness mapping (right).

as examples of the results of different stiffnesses k used
for a single mount DoF. It can be seen that different stiff-
ness values lead to different system responses and thus to
different RTD values. In addition, the diagram illustrates
that the influence of the subsystem on the overall system
behavior is frequency-dependent. Thus, the system be-
havior in the frequency range up to approx. 500Hz and
above 1.25 kHz is not or only slightly affected by changing
stiffnesses. In contrast, significant effects can be observed
in the frequency range between 500Hz and 1.25 kHz. To
better illustrate the individual stiffness values and their
effects on the overall system, the individual RTDs can be
rearranged in the form of a pseudo color map, which is
shown on the right-hand side of Figure 6. The resulting
frequency stiffness mapping (FSM) is superimposed by
initial frequency-dependent dynamic stiffness of the corre-
sponding DoF of the analyzed mount. The FSM enables
fast identification of frequency ranges that are sensitive
to influence the overall system response. In addition, the
“direction” of stiffness change for reducing the system
response can be determined visually. In the frequency
range from 1 kHz to 1.25 kHz, for example, higher stiffness
values lead to higher RTDs, which means that the system
response has higher values compared to the initial mount
variant. On the other hand, lower stiffness values lead to
a reduction in RTD values, which means that the system
response can be reduced by changing the corresponding
DoF of the mount. However, the FSM can be used in
addition to obtain information about the sensitivity of the
current (initial) mount stiffness in relation to the overall
system response. In a subsequent calculation step, the
sensitivity for the different stiffness variations on the over-
all system response is determined. The basic principle of
how sensitivities can be calculated based on the FSM is

DAGA 2026 Dresden

560



shown in Figure 7.
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Figure 7: Relationship between RTD (left) and sensitivity
(right) in relation to mount stiffness.

The left diagram in Figure 7 contains one vertical line
of the FSM, which represents the RTD for different stiff-
ness values at a selected frequency step (in the exam-
ple at 700Hz). In addition, the initial stiffness of the
mount’s DoF is added. The information of interest for
a mount optimization is the intersection between the
stiffness-dependent RTD curve and the initial stiffness
value of the mount, as well as the slope of the RTD, which
is illustrated in the right diagram of Figure 7. The slope
at the intersection point characterizes the sensitivity of
the matrix element of the mount (and its corresponding
reciprocal element) with regard to the overall system be-
havior. Since in most cases of NVH optimization only
the directions of the current stiffness value towards lower
RTD values are of great interest. Positive sensitivity val-
ues indicate that lower stiffness values are required to
reduce the RTD values. In contrast, negative sensitivities
indicate that stiffness must be increased to reduce the
RTD values. The sensitivities can now be calculated for
each frequency step, resulting in a frequency-dependent
sensitivity of the mount’s DoF under consideration. The
complete sensitivity matrix of the mount consists of all 144
DoF of the underlying FRF matrix (dimension 12× 12).
To obtain the complete sensitivity matrix of the mount,
the calculation steps described above are performed for
each element of the upper triangular part of the matrix.
The graphical representation is shown on the left side in
Figure 8.
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Figure 8: Frequency-dependent sensitivities of all DoF of the
elastomeric mount under consideration.

The overview diagram (Figure 8, left) consists of 144
lines. Each line contains a single DoF for each submatrix
(input, output, and transfer matrices) with dimensions
6× 6. Six lines are separated by light gray lines, which
indicate different references/excitations. These six rows
contain data for the translational DoF in the x, y, and
z directions as well as the rotational DoF in α, β, and γ
directions. A symmetry of the results can be identified
which is due to the above mentioned FRF reciprocity.
For better visual comprehensibility, the data can be rear-

ranged in the form of a matrix with the same dimensions
as the underlying FRF matrix of the mount. This is illus-
trated in the right-hand part of Figure 8, which shows the
sensitivities averaged from 1 kHz to 2 kHz. The overview
shows the most sensitive DoF. White areas indicate DoF
with negligible influence on the response of the overall
system in the frequency range under consideration. Blue
and yellow areas characterize elements for which opti-
mization is promising in terms of reducing the overall
system response either by reducing or increasing the ele-
ment stiffness, shown by the color. The main advantage
of the proposed approach is that matrix elements with
high sensitivities can be selected for further optimization.

Conclusion and Outlook
The presented CB TPA method enables a very efficient
evaluation of transmission path sensitivities, considering
the dynamic behavior of the entire system, providing
very low computational effort while remaining universally
applicable to various physical target quantities such as
vibration velocities, sound pressures, or psychoacoustic
metrics. It supports the identification of critical transfer
paths and their optimization potential, and the result-
ing sensitivities can be directly used to formulate target
functions for mount transfer behavior modification. In
addition, the method can be integrated into automated
optimization workflows, for example, mount geometry
optimization. Future work will focus on improving the
calculation methodology by deriving sensitivities around
the initial stiffness as the development point, accounting
for cross-coupling effects between stiffness modifications
and other DoF, and extending the sensitivity analysis to
all subsystems relevant for NVH optimization—including
all mounting positions of the investigated structure.
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