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ABSTRACT 

Optimized mounting positions for isolated vibratory machines in buildings require a 

minimum transmission of structure-borne sound power from the machine to the floor 

structure and relative stability of the isolated machine. Previous work by Mak and co-

investigators has indicated the importance of using structure-borne sound power to assess 

vibration isolation and to select the best mounting positions by considering the structure-

borne sound power transmission. This paper is a first attempt to utilize both the structure-

borne sound power transmission and the rotational velocity (or the stability) of the 

machine to select the optimized mounting positions for an isolated vibratory machine. 

This is the Pre-Published Version.
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The results reveal that a vibratory machine should be symmetrically installed on diagonal 

lines of the receiving floor structure. 

 

1. INTRODUCTION 

Many vibratory machines are installed in buildings, such as chillers, boilers, pumps, air 

compressors, electric motors, and generators. They transmit structure-borne sound power 

to the floor structure. The structural acoustics process can be subdivided into four main 

stages: generation, transmission, propagation, and radiation. Transmission covers the 

transfer of oscillatory energy from the mechanisms of generation to a (passive) structure.1 

Vibration isolators are therefore used to reduce this transmission of structure-borne sound 

power from the vibratory machine to the floor structure. The “force transmissibility” 

method is widely used in the building services industry to evaluate the performance of 

vibration isolators.2 The “isolation efficiency” index used in this method is based on a 

ratio of forces transmitted through a single contact point with and without vibration 

isolation. Mak and Su3-5 indicated that the structure-borne sound power transmission is 

closer than the transmitted forces to the sound radiation as it considers the interaction and 

phase difference of motion between the complex vibratory source and the receiving floor 

structure. They therefore proposed the “power transmissibility” method to evaluate the 

performance of vibration isolation. In the development of the power transmissibility 

method, multiple contact structure-borne sound sources were considered. The 

determination of the structure-borne sound power transmission from a machine with 

multiple contact points to the floor structure required source activity, source mobility, and 

receiver mobility.6 Mak and Su3-5 highlighted the effect of receiver mobility on structure-
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borne sound power transmission and the performance of vibration isolation. Much 

previous work has thus focused on receiver mobility.7 Petersson and Plunt8-10 proposed 

the effective mobility method to calculate structure-borne sound power. Gibbs and co-

investigators11, 12 proposed the reception plate method to calculate structure-borne sound 

power. Mayr and Gibbs13 developed an approximation method to predict point and 

transfer mobility of lightweight, point-connected ribbed plates. Gibbs14 also investigated 

the uncertainties resulting from utilizing a simplified method in predicting structure-

borne sound power for multi-contact sources in buildings. Differences between 

predictions of structure-borne sound power transmission with and without terminal cross-

coupling have also been investigated.15-19 

Zu and Mak20 proposed a method to determine the best mounting positions for a 

vibratory machine by considering the transmission of structure-borne sound power from 

the machine to the floor structure. They suggested that the best mounting positions for an 

isolated machine produce minimum structure-borne sound power transmission to the 

floor structure. In fact, source activity, source mobility, and receiver mobility not only 

affect the structure-borne sound power transmission, but also the stability of the machine. 

A relatively low structure-borne sound power transmission does not imply a relatively 

more stable machine or vice versa. The optimized mounting positions should therefore 

consider both the structure-borne sound power transmission and the stability of the 

isolated machine. This paper is a first attempt to utilize both the structure-borne sound 

power transmission and the stability of the machine to select the optimized mounting 

positions for an isolated vibratory machine. Yun and Mak21 proposed using normalized 

average vibration velocities and rotational velocities to assess the stability of a vibratory 
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machine. Therefore, rotational velocity will be used in this study to assess the stability of 

the isolated machine with an inertia block. The mobility of the receiving floor is 

determined by utilizing the finite difference method. Two different boundary conditions, 

totally simply supported plate and totally fixed supported plate, will be used in this study.  

 

2. THEORY 

2.1. Simple Model for the Vibratory Machine and the Inertia Block 

A vibratory machine model with four symmetrical contact points (p1, p2, p3, and p4) is 

shown in Fig. 1.  

The diameter of the lower and upper parts of the machine model is D1 and D2, 

respectively. The height of both parts is H. The mass of the lower and upper parts is M01 

and M02, respectively. The mass of the vibratory machine model is M0. It is assumed that 

the vibratory machine is excited by an eccentric force F0 at the center of the vibratory 

machine. Take the center of the bottom face of the vibratory machine model as the 

coordinate origin point. The moments of inertia of the vibratory machine model 

throughout the coordinate origin point are given by: 

2 2 2 2

01 1 02 1( / 4 / 3) ( / 4 7 / 3)yy xxI I M R H M R H      .          (1) 

The vibratory machine is symmetrically placed on an inertia block with four 

symmetrical contact points (q1, q2, q3, and q4) which is installed on the floor as shown in 

Fig. 2. The dimensions of the inertia block are Lb×Lb×Hb. The mass of the inertia block is 

Mb with uniform mass distribution.  
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Take the center of the bottom face of the inertia block as the coordinate origin point. 

The moments of inertia of the symmetrical vibratory machine model with inertia block 

throughout the coordinate origin point are given by: 

' ' 2 2( ) /12yy xx xx b b b addI I I M L H I     .          (2) 

where 
3 3 3 3

01 02(( ) ) / (( 2 ) 8 ) /add b bI M H H H H M H H H H      . 

To describe the dynamic characteristics of the multi-point vibratory machine, a 4×4 

source mobility matrix is expressed as follows: 
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,                           (3) 

where   denotes the angular frequency, 2 2 '

0( ) / 4b b xxM M L I     . 

 

2.2. Floor Mobility 

The mobility of a plate can be determined by utilizing analytical analysis. This first 

solves the equation of the motion of the plate. The general two-dimensional equation of 

motion for a plate without excitation is given by Cremer, Heckl, and Petersson1: 

4 '' 2( , ) ( , ) 0D v x y m v x y    ,          (4) 

where 𝛻4 denotes the biharmonic operator, D denotes the bending stiffness, 
''m  denotes 

the area density, and v(x, y) denotes the velocity of the point with coordinates (x, y). The 

general two-dimensional equation can be solved by utilizing the variable separation 

method. The natural frequencies and mode shapes of a simply supported rectangular plate 

are given by Fahy and Gardonio22: 
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   
22''

1 2/ / /r x yD m r l r l    
  

,         (5) 

1 2( , ) 2sin( / )sin( / )r x yx y r x l r y l   ,            (6) 

where 1r  and 2r  are the modal indices of the rth mode, and lx and ly denote the length and 

width of the plate. 

The general expression of the mobility of the point with coordinates (x, y) on the plate 

can be expressed as follows: 
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where Mp denotes the mass of the plate and η denotes the loss factor of the plate. 

The general expression of the transfer mobility on the plate between two points ( 1x , 1y

) and ( 2x , 2y ) can be expressed as follows: 

1 1 2 2
1 1 2 2 2 2
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( , ) ( , )
( , | , )
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




   

 .          (8) 

In this equation, the natural frequencies r  and the modal shapes ϕr(x, y) need to be 

solved. For totally simply supported rectangular plates, analytical solutions of natural 

frequencies and modal shapes can be obtained. However, analytical solutions cannot be 

obtained for plates with other kinds of boundary conditions and complex geometries. 

Numerical methods, such as finite element methods and finite difference methods should 

be utilized to obtain approximate results. The floor model being investigated in this study 

is assumed to be a flat plate with uniform thickness and density. For the assumption of 

uniform structure, the finite difference method is quite convenient to be applied and 
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relatively straightforward in understanding and application.23 Therefore, the finite 

difference method was utilized in this study.  

 

2.3. Structure-borne Sound Power and Stability 

Assuming that the free velocity vector of the source with inertia block is given by: 

  0[1,1,1,1]T

SV V .           (9) 

Four spring isolators were installed between the inertia block and the receiving floor. 

The dynamic force transmitted from the machine to the receiving floor system at the four 

contact points is given by: 

1

' ' 1
[ ] [ ]S rq S
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j
F Y I Y V

K j M
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
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  
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  

,          (10) 

where K denotes the elastic coefficient of each spring isolator, Mk denotes the mass of 

each spring isolator, and Yrq denotes the matrix of floor mobility. The active power 

transmitted to the floor through the four spring isolators is given by: 

' *T '1
Re([ ] [ ][ ])

2
rqP F Y F .                                             (11) 

The vibration velocity vector of the isolated machine with inertia block is given by: 

'1
[ ] [ ]q rq

k

j
V I Y F

K j M





  
           

  

.                     (12) 

In this research, it is assumed that the rocking motion of the machine is small. The 

rotational velocity indicating the rocking motion of the isolated machine with inertia 

block is given by: 

1 2 3 4

22

/v q q q q bR V V V V L    .          (13) 
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2.4. Objective Functions 

The objective functions for optimizing the mounting positions for the machine with the 

minimum structure-borne sound power transmission and the minimum rotational velocity 

can be given as: Minimize 1g =P and Minimize 2g =Rv, repectively. For the multi-

objective optimization problem of requiring minimum structure-borne sound power 

transmission and minimum rotational velocity, the simplest method is to combine these 

two objective functions into a weighted objective function, as: 

                    1 1 2 2Minimize   = 10 log( / ) 20 log( / )ref refG w g P w g V     ,                     

(14) 

where 1w  and 2w  denote the weighting coefficients of the level of structure-borne sound 

power transmission and the level of rotational velocity, repectively, which express the 

relative importance of the objectives; Pref =10-12 W and Vref =10-6 m/s. It is obvious that 

when G is minimized, the optimized mounting position can be obtained.  

 

3. ANALYSIS 

The parameters for the vibratory machine are: R1=0.25 m, R2=0.125 m, H=0.3 m, 

density ρ1=7.8×103 kg/m3, and mass Mm=5.74×102 kg. The parameters of the inertia block 

model are: Lb=0.7 m, Hb=0.2 m, density ρ2=2.8×103 kg/m3, and mass Mb=2.74×102 kg. 

The parameters for the rectangular receiving floor are: density ρ3=2.8×103 kg/m3, 

Young’s modulus E=2.1×1010 N/m2, loss factor η=0.02, and Poisson’s ratio μ=0.2. The 

dimensions for the rectangular receiving floor are: length lx=3.5 m, width ly=3.5 m, 

thickness d=0.24 m, and mass Mf =8.23×103 kg. The mass of the floor is far greater than 

the mass of the vibratory machine. The deformation of the floor result from the weight of 
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the machine model is ignored in this research. Assuming that the frequency of the 

excitation force is 15 Hz, the elastic coefficient of the spring isolator is K=1.88×106 N/m.  

As plotted in Fig. 3, the rectangular receiving floor is divided into a grid of 100 equal 

squares. The numbers in Fig. 3 indicate the sequence number of each grid point. For 

symmetry, only ten cases were investigated for the symmetrical arrangement of the 

inertia block and the machine mounted on the receiving floor. Any other cases can find 

their equivalent installation effects in these ten cases. Positions 1 to 10 are the ten points 

selected for installation of contact point q1 of the inertia block and the machine. 

Mounting points q1, q2, q3, and q4 on the receiving floor for each case are shown in Table 

1.  

 

Table 1. Mounting positions of the inertia block and the machine in difference cases 

Mounting 

position 
1 2 3 4 5 6 7 8 9 10 

q1 2 3 4 5 12 13 14 22 23 32 

q2 10 11 12 13 20 21 22 30 31 40 

q3 20 21 22 23 30 31 32 40 41 50 

q4 12 13 14 15 22 23 24 32 33 42 

 

3.1. Determination of Floor Mobility Using the Finite Difference Method  

The receiving floor was divided into a grid of 100×100 equal squares in the finite 

difference analysis. The modal frequencies obtained by using 50×50 meshes were 

compared to the solutions obtained by using 100×100 meshes. The relative errors were 

less than 0.1%. This means that 50×50 meshes are fine enough to obtain solutions with 

acceptable relative errors. Assume that the receiving floor is simply supported. To 
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validate the results obtained by the finite difference method, natural frequencies were 

compared with theoretical analysis solutions. The relative errors of natural frequencies 

obtained by the finite difference method compared to theoretical analysis solutions were 

less than 0.1% for frequencies below 2000 Hz. 

 

3.2. Structure-borne Sound Power and Rotational Velocity  

According to Eqs. (9), (10), and (11), the structure-borne sound power transmission 

can be calculated by the following equation: 
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.    (15) 

According to Eqs. (9), (10), (12), and (13), the vibration velocity vector of the isolated 

machine with inertia block is given by: 
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.        (16) 

The structure-borne sound power transmitted to the receiving floor and the rotational 

velocity can be calculated through Eqs. (13), (15), and (16), respectively. The frequency 

band between 1 Hz to 1000 Hz was investigated.  

It is assumed that the free velocity of the machine is 1m/s in the frequency band being 

analyzed. The structure-borne sound power transmission of each mounting position was 

then calculated and plotted in Fig. 4. According to Fig. 4, it can be found that the 

mounting position for the vibratory machine and the inertia block with the minimum 
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structure-borne sound power transmission differs throughout the frequency band. To 

make the results more clear, for each frequency, the mounting position with the minimum 

structure-borne sound power transmission was picked out and plotted in Fig. 5(a). For the 

frequency ranges increased from 1 Hz-10 Hz to 1 Hz-1000 Hz (the increment is 10 Hz), 

the possibility of each mounting position to be the position with the minimum structure-

borne sound power transmission was calculated and plotted in Fig. 5(b). Refer to Fig. 

5(a) and Fig. 5(b), it can be observed that the mounting positions 2, 3, 6, and 8 have such 

small possibilities to be the position with the minimum structure-borne sound power 

transmission. Meanwhile, the mounting positions 1, 5, and 10 are the positions with the 

largest possibility to be the position with the minimum structure-borne sound power 

transmission, especially for the frequency band between 1 Hz and 500 Hz. With the 

increasing of the frequency range being considered between 1 Hz and 500 Hz, the 

possibility of the mounting position 1 decreased, while the possibility of mounting 

positions 5 and 10 increased. With the increasing of the frequency range being considered 

above 600 Hz, the possibility of the mounting positions 1 and 10 increased, while the 

possibility of mounting position 5 decreased. The mounting positions 1, 5, and 10 are 

symmetrical through the diagonal line of the receiving floor. It seems that the optimized 

mounting positions for a vibratory machine, based on the structure-borne sound power 

transmission, are symmetrical about the diagonal line of the receiving floor.  

The rotational velocity of the vibratory machine with the inertia block for different 

mounting positions is calculated and plotted in Fig. 6. According to Fig. 6, the curves of 

rotational velocity are quite complex. Some drop and rise sharply at very narrow 

frequency band ranges. For each frequency, the mounting position with the minimum 
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rotational velocity was picked out and plotted in Fig. 7(a). For each frequency range 

increased from 1 Hz-10 Hz to 1 Hz-1000 Hz (the increment is 10 Hz), the possibility of 

each mounting position to be the position with the minimum rotational velocity was 

calculated and plotted in Fig. 7(b). Refer to Fig. 7(a) and Fig. 7(b), it can be observed that 

the mounting positions 1, 2, 3, 6, 7 and 9 have very small possibility (less than 5%) to be 

the mounting position with the minimum rotational velocity. While, the mounting 

positions 5, 8 and 10 are the positions with the largest possibility to be the mounting 

position with the minimum rotational velocity. The mounting positions 5, 8 and 10 are 

symmetrical through the diagonal line of the receiving floor. It seems that the optimized 

mounting positions for a vibratory machine, based on the criteria of the minimum 

rotational velocity, are symmetrical about the diagonal line of the receiving floor.  

By comparing Fig. 5 with Fig. 7, one can see that minimum rotational velocity (that is, 

a relatively stable machine) does not imply minimum transmission of structure-borne 

sound power from the machine to the floor or vice versa. To make it more clear, the 

correlation between rotational velocity and structure-borne sound power transmission 

was considered. For each frequency, we sorted different mounting positions by structure-

borne sound power transmission value and rotational velocity value in descending order, 

respectively. For each frequency, the correlation coefficient of rank order between these 

two kinds of criteria was then calculated and plotted in Fig. 8. Refer to Fig. 8, it can be 

found that less structure-borne sound power transmission was not strongly associated 

with smaller rotational velocity. All these phenomena indicate that optimized mounting 

positions for an isolated vibratory machine are determined by both structure-borne sound 

power transmission and the rotational velocity (or stability) of the machine as minimum 
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structure-borne sound power transmission does not imply a stable machine (low 

rotational velocity) or vice versa. 

The receiving floor with totally fixed boundary conditions is also analyzed in this 

study. The structure-borne sound power transmission and rotational velocity of the 

symmetrical vibratory machine model at frequencies between 1 Hz and 1000 Hz were 

analyzed. The structure-borne sound power transmission of the vibratory machine at each 

mounting position is shown in Fig. 9. For the case with totally fixed boundary conditions, 

the mounting position with the minimum structure-borne sound power transmission for 

each frequency was picked out and plotted in Fig. 10(a). For the frequency range 

increased from 1 Hz-10 Hz to 1 Hz-1000 Hz (the increment is 10 Hz), the possibility of 

each mounting position to be the position with the minimum structure-borne sound power 

transmission was calculated and plotted in Fig. 10(b). Refer to Fig. 10(a) and Fig. 10(b), 

it can be observed that the mounting positions 1, 5, 8, and 10 are the positions with the 

largest possibility to be the position with the minimum structure-borne sound power 

transmission. Just like the case with totally simply supported conditions, these mounting 

positions are symmetrical through the diagonal line of the receiving floor.  

The rotational velocity of the vibratory machine with the inertia block for different 

mounting positions is calculated and plotted in Fig. 11. For each frequency, the mounting 

position with the minimum rotational velocity was picked out and plotted in Fig. 12(a). 

For each frequency range increased from 1 Hz-10 Hz to 1 Hz-1000 Hz (the increment is 

10 Hz), the possibility of each mounting position to be the position with the minimum 

rotational velocity was calculated and plotted in Fig. 12(b). Refer to Fig. 12(a) and Fig. 

12(b), it can be observed that the mounting positions 1, 7, 8 and 10 are the position with 
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the largest possibility to be the mounting position with the minimum rotational velocity. 

The mounting positions 1, 8, and 10 are symmetrical through the diagonal line of the 

receiving floor. 

The curves in Fig. 9 present some minor differences from the curves in Fig. 4, but they 

have the same rule almost. The mounting positions of the inertia block and the machine 

with the minimum structure-borne sound power transmission are on diagonal lines of the 

receiving floor. It can be seen that the curves in Fig. 6 and Fig. 11 have similar trends and 

position 10 seems to be the optimized choice because the normalized rotational velocity 

is small (that is, the machine is relatively stable). The analyzed results reveal that the 

structure-borne sound power transmission from the machine to the floor and the stability 

of the machine are not significantly different for the receiving floor with totally fixed 

boundary conditions and the receiving floor with totally simple boundary conditions. It 

can be concluded that the optimized mounting positions for an isolated vibratory machine 

with minimum structure-borne sound power transmission and rotational velocity are on 

the diagonal lines of the receiving floor.  

 

3.3. Multi-objective Optimization  

  According to Eq. (14), the optimized mounting position of the symmetrical machine 

model meet the targets can be found. The two weighting coefficients 1w  and 2w  can be 

decided by the users in real cases. If the structure-borne sound power transmission was 

concerned more, the weighted coefficient 1w  should be larger; if the stability was 
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concerned more, the weighting coefficient 2w  should be larger. In this research, 1w =1 

and 2w =0.5. 

For the case of simply supported boundary condition, the values of G and the optimum 

mounting positions for the symmetrical machine model and the inertial block were shown 

in Fig. 13(a) and Fig. 13(b), respectively. Refer to Fig. 13(a) and Fig. 13(b), it can be 

observed that the mounting positions 1, 5, 8, and 10 are the positions with the largest 

possibility to be the optimum mounting position. The mounting positions 1, 5, 8, and 10 

are symmetrical through the diagonal line of the receiving floor. 

For the case of fixed boundary condition, the values of G and the optimum mounting 

positions for the symmetrical machine model and the inertial block were shown in Fig. 

14(a) and Fig. 14(b), respectively. Refer to Fig. 14(a) and Fig. 14(b), it can be observed 

that the mounting positions 1, 8, and 10 are the positions with the largest possibility to be 

the optimum mounting position. The mounting positions 1, 8, and 10 are symmetrical 

through the diagonal line of the receiving floor. 

 

4. CONCLUSION 

A symmetrical machine model with an inertia block have been used to study the 

structure-borne sound power transmission from the machine to the floor and the 

rotational velocity of the machine. Two different boundary conditions, totally simply 

supported plate and the totally fixed supported plate, have been used. To calculate the 

structure-borne sound power transmission and the rotational velocity for a totally fixed 

supported plate, the mobility of the receiving floor system was obtained using the finite 

difference method. This is a first attempt to utilize both the structure-borne sound power 
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transmission and the rotational velocity (or the stability) of the machine to select the 

optimized mounting positions for an isolated vibratory machine. The results reveal that, 

for optimized mounting positions, the vibratory machine should be symmetrically 

installed on diagonal lines of the receiving floor structure. 
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Figure 2. Schematic diagram of the vibratory machine installed on the inertia block 

 

 

Figure 3. Schematic diagram of the floor model divided into a grid of 100 equal squares 
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Figure 4. The sound power transmitted from the symmetrical machine model to the simply 

supported floor for different mounting positions 

 

 

(a)                                                                     (b) 

Figure 5. The mounting positions with the minimum structure-borne sound power transmission: 

(a) the selected mounting position for each frequency (b) the possibility of each mounting 

position to be the one with the minimum structure-borne sound power transmission 
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Figure 6. Rotational velocity of the symmetrical machine model and the inertial block for 

different mounting positions 

 

 

Figure 7. The mounting positions with the minimum rotational velocity: (a) the selected 

mounting position for each frequency (b) the possibility of each mounting position to be the one 

with the minimum rotational velocity 
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Figure 8. Correlation coefficients of rank order between structure-borne sound power 

transmission and rotational velocity 

 

 

Figure 9. The structure-borne sound power transmitted from the symmetrical machine model to 

the fixed floor for different mounting positions 
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(a)                                                                     (b) 

Figure 10. The mounting positions with the minimum structure-borne sound power transmission: 

(a) the selected mounting position for each frequency (b) the possibility of each mounting 

position to be the one with the minimum structure-borne sound power transmission 

 

 

Figure 11. Rotational velocity of the symmetrical machine model and the inertial block for 

different mounting positions 
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Figure 12. The mounting positions with the minimum rotational velocity: (a) the selected 

mounting position for each frequency (b) the possibility of each mounting position to be the one 

with the minimum rotational velocity 

 

 

Figure 13. The floor with totally simply supported boundary condition: (a) values of the 

weighted objective function G of the symmetrical machine model and the inertial block for 

different mounting positions (b) the optimized mounting position for each frequency  
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Figure 14. The floor with totally fixed boundary condition: (a) values of the weighted objective 

function G of the symmetrical machine model and the inertial block for different mounting 

positions (b) the optimized mounting position for each frequency 




