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Abstract 
Characterizing the vibroacoustic contribution of an active component, which has to be integrated in a 

mechanical assembly, concerns three types of noise generation: air, fluid and structure borne sound. If the 

basic techniques of airborne noise analysis are well standardized, difficulties arise with fluid and structure 

borne sounds. Measurements results depend on the dynamic characteristics of the receiving structures.  

In this paper, the Blocked Force/Impedance have been chosen as descriptors to characterize experimentally 

structure borne noise of mechanical components. The method used, named as "Block-Sensor", allows to 

obtain these descriptors which can be used to predict the structure borne noise of an assembly . 

The paper recalls the principle of the method and details the different steps of the experimental approach. 

An analysis of the results is provided, giving advantages, drawbacks and limits of the method. 

The method is now in a process of standardization, within prISO 21955. 

1 Introduction 

The need to characterize the vibroacoustic behavior of mechanical assemblies is increasing, due to health, 

quality or comfort requirements. These constraints are generally governed by application of the standards 

or statutory texts in force (Machinery directive, or Physical agents (noise and vibration) directive), but also 

by the publication of customer requirements with increasingly demanding specifications, taking into account 

the needs with regard to current and future technological developments. 

For suppliers, in terms of marketing, it may also be advisable to promote products featuring better acoustic 

performance than the competition. Acoustics can be a shop window demonstrating the know-how of the 

manufacturers, and represent a quality descriptor that may be primordial depending on the application. 

Lastly, suppliers want to participate in the dimensioning of low-noise systems, and would logically like to 

be involved and intervene in the acoustics of the systems, and of their products in particular, as far upstream 

as possible in the development cycle of new projects. Taking the vibration and acoustic aspect of the 

suppliers’ components into account in the early stages of system design increases chances that in the end 

the noise of the assembled product is satisfactory. If this is not the case, only late and expensive corrections 

or adaptation measures can be taken, and may not be as effective as the ones taken on time 

(technical¬economic constraint). 

A technical dialogue should therefore be established early in the project between the supplier, knowing well 

its component, and the integrator, knowing well the entire product. The problem that then arises can be 

expressed in these terms: what can their exchange be based on? Are they at the same technical level on 
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dealing with vibration and acoustics? What technical data must they share in order to reach a satisfactory 

solution? 

This problem can be addressed by an approach named acoustical synthesis. The present paper covers one of 

several aspects of acoustical synthesis: the characterization of a vibration source. The technique used, the 

block sensor methods, has been conceived to respond to the conditions of an industrial user.  

2 Prediction of noise emission: Acoustic synthesis approach 

The noise emitted by noise sources in units, buildings, ships and vehicles (on road and off road) is often 

accompanied by the vibrations of their components. From the noise control viewpoint each component can 

be considered as a “black box” that emits acoustic and vibrational energy in three forms (Figure 1): 

 Airborne noise: acoustic radiation from the source and the nearby structures, propagating in the 

surrounding air; it is measured using microphones or sound intensity probes. 

 Hydraulic or fluid-borne noise generated in the piping systems and radiated: it originates in the 

pressure pulses emitted by the source in the liquid columns of the system which are broadly 

responsible for the noise emission by the piping. It is generally evaluated using flush-membrane 

pressure sensors. 

 Structure-borne noise: vibration transmitted from a source through its coupling to the surrounding 

and further radiated as airborne noise. .  

 

 

Figure 1 – Different forms of noise generating mechanisms  

Acoustic synthesis is an approach for design or diagnosis consisting in breaking down a system into noisy 

or vibrating components (sources) and into passive ones (transmission paths), in order to control its vibration 

and acoustic behaviour at a required reception point (Figure 2). 

Each component should be described by experimental and/or numerical data or by analytical or empirical 

formulations. 

Modelling of the active components, treated as sources in the acoustic synthesis approach, is fairly complex, 

and several approaches can be considered: 

 on the basis of a source design data, using numerical methods 

 on the basis of measurements, characterizing the source according to operating parameters. 

Modelling of the passive components, treated as transfer functions in the acoustic synthesis approach, 

necessitates a non-trivial experimental validation approach.  
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For the sake of acoustical synthesis, each component of the assembly is described fully at the interfaces with 

other components, using continuity conditions and taking into account any interaction between the active 

and passive substructures 

 

 

Figure 2 – Noise synthesis approach 

3 Characterization of the structure-borne noise of a source 

The characterisation of structure-borne noise by measurement has been of concern in recent decades [1-2]. 

A simple characterization technique applicable to resiliently suspended vibration sources has been 

standardized [3]. The passive way of characterizing a mechanical structure requires the use of either mobility 

or impedance [4]. The latter being difficult to measure directly, the impedance is obtained by the 

measurement of mobility and subsequent inversion. The mobility and impedance approaches, are strictly 

equivalent as mobility can be obtained from the impedance by inversion and vice versa, the measurement 

of mobility is inherently easier [5-6].  

A typical vibration source has multiple connection points with the support. In order to measure mobility at 

each connection point an external excitation should be applied to each degree of freedom at a time, while 

leaving all the other points free in all degrees of freedom. This is achieved in practice using a flexible 

suspension of the source.  

The transmission of vibrations at the coupling points is achieved by both forces and moments. The 

importance of moments, especially at high frequencies, has been clearly established. Moreover, the 

movements which contribute to the vibration transmission are both translations and rotations. Such a 

complex mechanism of transmission is difficult to properly control during measurements. This is why the 

moments and rotations are usually ignored in practice. The excitation torque is difficult to create in a 

controlled way. Different methods have been attempted so far to measure the mobility components involving 

torque and rotation [7-13], most in well controlled laboratory conditions. 

Mounting a mechanical source to its support often leads to static deformations which can affect a lot the 

source vibration. The source mounting conditions during characterization should be as close as possible to 

true operational conditions. Two theoretical approaches have been developed to this end [14], [15], the latter 

being extended to several applications. A source can be alternatively characterized in terms of its "apparent 

force", suggested for building engineering applications, [16]. 

Most of the developed approaches of structure-borne noise measurements suffer from uncertainty of results 

linked to poor conditioning due to multi-connection / multi degrees-of-freedom drawbacks. A recent 

technique applicable to small vibration sources has the objective of increasing the robustness of the 

characterization procedure through some simplifications [17]. This technique uses the notion of “equivalent 
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force” which has been already investigated in [18]. The present paper demonstrates the use of the technique 

in an industrial environment using a particular way of measuring the needed quantities. 

4 Equivalent force torsor and “block-sensor method 

The “equivalent force torsor” method has been developed to characterize and predict the noise of a 

component. This inverse method is based on the principle of determination of the descriptors according to 

the characterization by source impedance/blocked forces. The two descriptors can be useful if experimental 

hierarchization of sources is needed, but are also necessary in numerical models for source modelling and 

in particular for optimization of source connection with its intended support. 

4.1 General overview 

The source impedance and blocked forces depend on the number of connection points between the 

component and its receiving structure as well as on the number of effective degrees of freedom per point. 

To limit the volume of data, the equivalent force torsor method replaces the interactions between source and 

receiver at several points by a resultant interaction applied to a single point. Such a replacement results in 

the equivalent force torsor and the equivalent reduced impedance. 

To identify the reduced descriptors, an elastically-suspended rigid mass is used as receiver. 

4.2 Theoretical principles 

The principle of this method can be illustrated by the behaviour in a linear electrical circuit, for which a 

complete analogy can be established with linear vibratory systems (Figure 3). 

With the switch open, the voltage V between terminals A and B is V, as no current is flowing. In the coupled 

state (circuit closed), the current has to flow through resistances RS and RR in series, and the voltage V 

between A and B drops to the value given by Ohm's law for the current iC: 

 

 

Figure 3 – Electrical analogy for structure coupling 
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This imples that the blocked force FB of a vibratory system (V in Figure 3) can be accessed without being 

really connected to its support. During the process of force identification the source can stay connected with 

its actual support or, alternatively, with a specific receiver (RR). 

Thus, if the coupled impedance ZC (i.e. source/receiver coupling) is known and the vibratory velocity VC 

(or acceleration in practice) is also known, the blocked force FB can be obtained by Eq. 1. Moreover, the 

coupled impedance is the sum of the impedances of the receiver and the isolated source, Eq. 2. 

 𝐹𝐵 = −𝑍𝐶𝑉𝐶 (1) 

 𝑍𝐶 = 𝑍𝑆 + 𝑍𝑅  (2) 

Note: 

It must be remembered that a system with N connections is governed by a multi-point force torsor FB, i.e. a 

vector of 6N complex components Fi (three translation forces and three moments) and that the complex 

impedances Zij in Eq. (2) are placed in matrices Z with [6N x 6N] components. 

4.3 Equivalent force torsor concept  

A way to limit the volume of data is to use an equivalent force torsor, replacing the interactions between 

source and receiver at several points by a resultant interaction applied to a single point. 

At this single point, referred to as the coupling point, the component under study can be described by the 

six degrees of freedom (three translations, three rotations) of a non-deformable solid. The six components 

of torsor FBS that have to be identified are ranked in a vector as follows: 

 𝐹𝐵𝑆 = [𝐹𝑥 𝐹𝑦 𝐹𝑧 𝑀𝑥  𝑀𝑦 𝑀𝑧]
𝑡
       (at the coupling point, t - transpose) (3) 

Similarly, the size of the reduced impedance matrix of the component at the coupling point is 6 x 6 (36 

values of which 21 independent by the symmetry of the system Zij = Zji). 

The main advantage of the equivalent force torsor is to reduce the number of source data representative of 

the source.  The mutually nearer the coupling points (compact source) and the stiffer the receiver in the 

coupling area the closer this approximation to reality.  

4.4 Specific receiver for identification – the “block-sensor”  

4.4.1 Principle 

In order to identify the equivalent force torsor and the reduced impedance of the source, the component in 

the coupled state is installed on a rigid mass as support. This support, also referred to as “block-sensor” or 

calibration block, is suspended elastically through flexible means (e.g. resilient mounts, elastic straps) 

ensuring freedom of vibratory movements of the different points of the block, Figure 3. It must enable easy 

measurements of the mobilities of the coupled and uncoupled system (to ultimately identify ZC and ZR) and 

of the accelerations in operation of the coupled system (to identify VC) in Eq. 1 and Eq. 2. 

The advantage of using a rigid receiver with a simple geometry is threefold: 

 to easily identify its impedance by different means (measurements, analytical calculation or finite 

element model.) 

 to access the six vibration components at an arbitrary point on the basis of any six known  

independent components of vibration on the block. 

 to easily translate an applied external force from any point of the block to any other point by adding 

a compensating torque. 

All of the three mentioned advantages simplify the identification ofthe blocked forces FB using Eq. 1 and 

the source impedance ZS using Eq. 2. 
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In order to provide six independent vibration components the block is instrumented with accelerometers 

placed judiciously to record the vibrations according to the six degrees of freedom of a non-deformable solid 

(refer to § 4.4.4). 

The role of the “block-sensor” can be summarized as follows: 

◗  It provides the system with a reference or “calibration” impedance ZR that is simple and known 

(identifiable by measurements and/or calculations). 

◗  It acts as acceleration transducer by measuring the six independent components. Measurement of the 

accelerations at different points on the block provides the data necessary at the coupling point (Eq. 1). 

◗  It acts as a force transducer. Measurement of an externally applied force on the block coupled to a source 

provides the (inaccessible) forces and moments acting in the coupling point.  

4.4.2 Position of the equivalent coupling point 

To obtain the equivalent reduced impedance of the pump, the impedances of the support ZR and the 

impedance of coupled system ZC must be measured at the same point. This point may be real and accessible 

(for placing a transducer there, for example), or virtual. 

The simplest way to provide an external excitation needed for the measurement of impedance is to apply 

impacts, e.g. by an impact hammer. However, it is often not possible to measure the accelerations nor to 

apply the impacts directly at the coupling point. The transducer block is then used as a measuring device 

which, by means of kinematic transfer matrices, determines the accelerations at the coupling point, based 

on the measurement of the six degrees of freedom at other places on the block. 

But the strong underlying assumption, on which the equivalent torsor method is based, is that the coupling 

points have fixed positions with respect to each other and in particular with respect to the equivalent coupling 

point. Consequently, the coupling point should be positioned in a rigid area so that the transposition of the 

vibrations measured at the distant points is governed only by a frequency-invariant kinematic transfer 

matrix. 

Similarly owing to the rigidity of the transducer block  an excitation applied at an impact point can be easily 

translated to the coupling point. Lastly, the mobility at the coupling point can be deduced from the transfer 

function between the accelerations grouped in vectors τ̈mes and the forces Fmeas at the chosen measurement 

points. 

In order to simplify data handling the impedances will be redefined with respect to the classical definition 

of the type force/velocity. In this work the impedance is the ratio between the force or couple and the 

acceleration rather than velocity. 
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4.5 Measurement procedure 

 

Figure 4: The measurement procedure 

5 Application case: Characterization of a compressor 

5.1 Set-up and experiment 

A "scroll" compressor has been tested in different operational points, Table 1. The compressor was 

supported by its 4 feet either rigidly, by bolts, or softly, via resilient rubber mounts. A solid steel block was 

used as a sensor-receiver, Fig. 6. 

 

Table 1: Operating 

points of the 

sourceOperational 

Point 

Rotation 

frequency 

(Hz) 

Connections 

 

Chiller 35, 50, 65, 80 Rigid 

HeatPump 35, 50, 65, 80 Rigid 

Rooftop 35, 50, 65, 80 Rigid 

Rooftop 65 Soft 

Rooftop 65 Soft 

 

5.2 Results 

5.2.1 Receiver impedance identification (ZR) 

The first step is to determine the impedance of the block sensor ZR and the transfer matrix between 

measurement points and impact excitation points (Yij(f) = Xi(f)/Fj(f)), Figure 5. Results are shown Figure 6 
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Figure 5 – Measurement of block sensor impedance ZR. 

Below 50 Hz, the block suspension system, in spite of being very soft, does influence the behavior of the 

block considered free. On the other hand the block can be considered rigid below 1800 Hz. The frequencies 

of analysis were thus limited to a 50-1800 Hz band. 

 

 

Figure 6 – Impedance ZR of receiving block alone  

5.2.2 Coupled impedance identification (ZC) 

The second step is the determination of the coupled impedance at the  coupling point, the component being 

installed on the block. Modulus of the impedance in the 3 directions (11 = X, 22= Y, 33 = Z=Z) are shown 

on Figure 7. 
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Figure 7 – Coupled impedance ZC  

5.2.3 Source impedance identification (ZS) 

It is now possible to calculate ZS using ZC = ZR + ZS at the coupling point. This quantity may be used in a 

numerical model to set the compressor vibroacoustic behavior. 

 

Figure 8 – Compressor impedance Zs  

5.2.4 Blocked force torsor determination (FB) 

The blocked force torsor is obtained using FB = - ZC.VC Figure 9 shows blocked force spectra (Fx, Fy, Fz) 

for the 3 operating modes « Chiller », « Rooftop » and « PAC » with rotation speed of 65 Hz. 

Efforts are dominant in horizontal plan (X Y).  
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Chiller 
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Heat 

Pump 

 

Figure 9 – Blocked force torsor at coupling point. Components Fx, Fy, Fz for 3 operational modes @65Hz 

 

Figure 10 –Blocked force torsor Fb Overall level, RMS [0-2kHz] 3 Operational modes, 4 rotation speeds. 
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Figure 11 –Blocked force orsor Fb Overall level, order 1 to 12. 3 Operational modes, 4 rotation speeds. 

Figure 10 and Figure 11 show the overall levels in 3 directions obtained on the frequency range [0-2kHz] 

and on the first 12 harmonic of rotation for the 3 operating mods.  

5.2.5 Set-up with soft mountings 

Two types of mountings have been tested: a stiff one (compressor screwed directly on the block) and soft 

mounting (using isolators-see figure 12). Results are shown in operational mode "Rooftop 65Hz". A new 

impedance Zc is calculated with isolators. Zc is now similar to ZR, showing the efficiency of the isolators. 

 

 

Figure 12 - Impédance Zc_(Block+Compressor with isolators) 
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Most of the harmonics levels are decreased, but some may be amplified (see H1 Mx) Nevertheless, overall 

levels are drastically reduced.  
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Figure 13 – Blocked forces Fb on mode « Rooftop 65Hz » – Fx et Mx with/without isolators. Spectra and 

overall level [0-2 kHz] 

5.3 Conclusion and further work 

The "block-sensor" method has been developed to characterize sources of structure-borne noise using 

intrinsic descriptors (independent of the receiver): the equivalent blocked forces and source impedance. 

On their own, these descriptors are useful to the manufacturers for understanding or clarifying the operation 

of their products, for performing comparative tests or obtaining a ranking of the products, or for use as 

calibration for vibration calculations. 

However, with the objective of prediction within a vibration/acoustic scheme, the model must include the 

passive characteristics of the receiver or of the active component connected to it (impedance), which only 

the suppliers are entitled to know and communicate. 

There is thus a need to work transparently between suppliers and integrators to optimize mechanical 

assemblies. 

The method has been applied to a compressor in different operating conditions, showing results that allow 

to understand its vibroacoustic behavior. 

The method is now in a process of standardization. Repeatability and reproducibility have to be tested and 

quality indicators have to be defined. 
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