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LOW FREQUENCY FORCE TO SOUND PRESSURE TRANSFER 
FUNCTION MEASUREMENTS USING A MODIFIED TAPPING MACHINE 
ON A LIGHT WEIGHT WOODEN JOIST FLOOR 

Jörgen Olsson1, Andreas Linderholt2 

ABSTRACT: In recent years research has shown that low frequency impact sound is of significant importance for 
inhabitants´ perception of impact sound in buildings with light weight wooden joist floors. The tapping machine is well 
defined as an excitation device and is a standard tool for building acoustics. However, the excitation force spectrum 
generated for each individual floor is unknown when using a tapping machine. In order to increase the possibilities to 
compare simulations to impact sound measurements, there is a need for improvement of impact sound measurement 
methods. By measuring the input force spectrum by a modified tapping machine and the sound in the receiver room, 
transfer functions can be achieved. 
In the light weight wooden building used for the evaluation test of the proposed method, structural nonlinearities are 
evident in the frequency response functions stemming from different excitation levels. This implies that for accurate 
FRF-measurements in low frequencies, excitation magnitudes that are similar to these stemming from human 
excitations should preferably be used. 

KEYWORDS: Low-frequency impact sound, light weight wooden joist floor, tapping machine, frequency response 
functions. 

1 INTRODUCTION 123

Impact sound in the low frequency range has in recent 
years shown to have significant importance for the 
subjective perception and satisfaction of impact sound 
from neighbouring apartments, for buildings with light 
weight wood joist floors [1, 2]. The AkuLite [3] project 
showed that including frequencies down to 20 Hz 
improves the correlation between satisfaction and impact 
sound for the buildings studied. The frequency range of 
interest for light weight wooden building is significantly 
lower, in general, compared to the interesting range for 
concrete buildings. Using numerical tools, such as Finite 
Element Method (FEM) softwares during the product 
development of light weight wooden buildings can 
decrease the need of prototypes to get information about 
the impact sound performance. Thus, an increase in the 
use of numerical FE-simulations may save time and 
money for the wood building industry. 
Impact sound is predominately excited with the 
standardized tapping machine according to the previous 
standard ISO 140-7, now replaced by ISO 16283-2:2015 
[4], during a test. There are other excitation devices such 
as the impact ball which is especially suitable for light 
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weight floors due to its resemblance to a human´s 
excitation by walking [5, 6, 7] and its high signal to 
noise ratio in low frequencies [8]. However, due to 
practice and practical reasons such that ordinary 
measurements in higher frequency ranges cannot be 
covered by the impact ball, measurements with the 
tapping machine are still needed and cannot be entirely 
replaced by the impact ball.  
Traditionally, it has been difficult to simulate the impact 
of hammers of a tapping machine numerically since the 
impact force depends on the structure excited as well as 
on the tapping machine. In recent years, the methods for 
modelling the force of impact hammer excitations have 
improved in accuracy [9]. 
To calculate frequency response functions is, on the 
other hand, a standard procedure using numerical 
software. 
Since the tapping machine does not enable 
measurements of the force at impact, the excitation force 
spectrum remains unknown.  
Here, it is proposed to modify the tapping machine in 
order to estimate the excitation forces of the impact 
hammers. Then measuring the sound in the receiving 
room gives a force to sound transfer function. This 
increases the possibilities to correlate the measurements 
with calculation data and at the same time it enables the 
possibility to have conventional measurement data 
according to the standard ISO impact measurements [3]. 
Measurements of the impact force generated by a 
tapping machine have been made before but with 
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different purposes. For instance, Dodd et al. [10] 
developed a force measuring single tapping hammer 
with the same impact as the tapping machine in order to 
have a fast method to predict impact sound levels from 
air borne sound insulation measurements. Analyses of 
impact sound transfer paths between concrete 
apartments; comparing different excitation devices have 
been made by Jeon et al. [11], but not with the aim to 
measure excitation forces or force to sound transfer 
functions. Here, the measuring of transfer functions and 
their quality for light wooden structures are the focus. 
The modified tapping machine is benchmarked in a real 
building in comparison with other excitation devices; an 
electrodynamic shaker and a hand held impact modal 
hammer. The force at impact together with accelerations 
on the floor, ceiling and walls in the receiving room 
were measured which enables calculations of mobilities 
(velocities divided by force) for the analysed structure. 
This gives the possibility to identify and visualize the 
transmission paths force - acceleration/velocity - sound 
pressure. Transmission paths and radiating surfaces for 
sound could also be analysed with sound intensity 
measurements. However, a difference compared to the 
sound intensity measurements is that the accelerometers 
provide information of structural mode shapes, which is 
useful information when analysing and improving 
structures. 
 
2 MEASURMENT OBJECT 
The transfer functions measurements which took place in 
the M building at the Linnæus University, Växjö 
campus, Sweden, were made between two small office 
rooms with joist floors in the vertical direction; 
coincident with the room borders. The design principles 
of the office in which measurements were made is 
presented in Figure 1. The room dimensions and the 
fundamental acoustic properties within the low 
frequency range are presented in Table 1.  
 
Table 1: Room dimensions of the receiving room together with 
measurement details. 
 

 Receiving room 
 
 

X - Length of room [m]  
 

4.08 
Y - Width of room [m] 2.28 
Z - Height of room [m] 
 

2.7 
 

Area [m2] 
 

9.3 
Volume [m3] 
 

25 
 

First calculated room modes  
Nx    Ny   Nz  
1     0     0 41.7 Hz 
0     1     0 74.6 Hz 
0     0     1 

 

63.0 Hz 
 

 

Calc. Schroeder freq. 1) 
 

 

282 Hz 
1) Schroeder frequency [12] for the room at RT 60 equals to 
0.5 seconds. 

The rooms have suspended ceilings with sound 
absorbing boards. At the time of the measurements the 

receiving room, below the room where the excitation 
took place, was completely empty. 
     

The M-building 

Plastic carpet + 13 mm gypsum board + joist floor + 
distance crossbar +  13 mm gypsum board + 568 mm 
airgap + 20 mm suspended sound insulation / 
absorbing ceiling board. 

The M-buiding joist floor 

Cross section of a joist floor in the M-building. The 
section shows the cut out locations on the beams. 
Between the beams there is mineral wool. The load 
carrying beams have 45 x 220 mm intersection. 

 

Connection of non load carrying walls to the joist 
floor in the M-building  

Figure 1: Design principles in the measured office rooms. 

3 METHOD 
3.1 Measurement force transmission 
The tapping machine, see Figure 2, is defined in the 
previous classical standard ISO 140-7 and now for 
instance in the ISO standard 10140-5 [13]. For this 
study, an old Norsonic model Nor 211 tapping machine 
was modified. 
The impact hammers shall have a weight of 0.500 kg (± 
6∙10-3 kg). A shock accelerometer is attached to the end 
of one hammer of the tapping machine. The measured 
acceleration gives, according to Newton’s second law of 

Non load carrying 
inner wall 

Suspended ceiling 

Non load carrying 
inner wall 



motion, a force transducer. In order to investigate the 
quality of the force estimates, a frequency response 
function (FRF) measurement was made between the 
impact surface of the hammer and the accelerometer at 
the shaft of the hammer, see Figure 3. The force was 
measured with an impact hammer at the point that will 
excite the floor later. The hammer of the tapping 
machine was hanging in light nylon line perpendicular to 
the excitation direction, in order to minimise the 
influence by the suspension.  
 

 

Figure 2: A tapping machine stipulated to be used according 
to the standard ISO 16283-2:2015. 

 

Figure 3: Measurement set up for measuring of the transfer 
function between the point that will excite the floor and the 
position of the shock accelerometer. 

3.2 Measurement building M 
In order to evaluate the tapping machine´s transfer 
function, the corresponding FRFs were extracted from 
measurements made using an electrodynamic shaker, an 
impact hammer as well as the modified tapping machine.  
The excitation with the modified tapping machine was 
made with just one tapping hammer (the middle) out of 
all five tapping hammers. The purpose is to use the exact 
same excitation point for all devices, in order to compare 
the same point to point transfer functions. Due to that 
only one out of five hammers was used; the excitation 
frequency became 2 Hz instead of the standardized 10 
Hz.  
Excitations were also conducted using an impact ball 
[13]. However, since the force is not measured during an 
impact ball excitation, FRF comparisons cannot be 
made.  

The excitations were made in the middle of the floor. As 
response sensors; accelerometers on all walls, the floor 
and ceiling in the room below are used. The 
accelerometers were located in the middle and close to 
the corners of the ceiling, walls and floor. Nine 
accelerometers were used on each surface with exception 
for the shorter corridor and façade walls, which did not 
have accelerometers in the middle close to the 
boundaries. Hence, these walls had accelerometers close 
to the corners and one on the middle of the surface i.e. 
five accelerometers. One microphone was also used in 
the receiving room. The locations of the accelerometer 
and the microphone are presented in Table 2.  
Table 2: Grid points on the walls, ceiling and floor for the 
accelerometers and the microphone. 

 

Grid points near the corners for 
accelerometers on the room surfaces 
 

 

X  
 

0.30 m    3.90 m 
Y  0.25 m    2.03 m 
Z  0.25 m    2.45 m 

 
 

Grid mid points coordinates on the room 
surfaces for the accelerometers 
 

 

X  
 

2.10 m 
Y  1.14 m 
Z  1.35 m 

 
 

Location of the microphone 
 

 

X: 2.1 m, Y: 0.25 m, Z: 1.35 m 
 

  

 

Figure 4: The electrodynamic shaker set up in the room above. 

In order to have high quality transfer function data, 
measurements on the test object is also made by 
excitation with an electrodynamic shaker. The excitation 
force and acceleration at the excitation point were 
measured with an impedance head. Two different forces; 
10 N and 30 N peak values, are used to check for 
potential nonlinearities in the transfer functions. 
The excitations with the impact ball and the impact 
hammer were made as five blocks with five excitations 



in each block. After each block, the excitation operator  
moved 1/5 of a full circle around the excitation point. 
The purpose was to check for repeatability when the 
excitations are made in a field measurement 
environment, and the sensitivity of the measurements 
due to the operator´s position. 
In the final tests, measurements with excitation using the 
tapping machine instrumented for measuring impact 
forces with the one active tapping hammer were made. 
The FRFs stemming from measurements made using all 
the excitation devices should ideally be the same. 
The FRFs for the tapping machine and the modal 
hammer are here extracted using the H1 estimate: 
 

𝐻𝐻1(𝑓𝑓) =
𝑆𝑆𝑥𝑥𝑦𝑦(𝑓𝑓)
𝑆𝑆𝑥𝑥𝑥𝑥(𝑓𝑓) 

 

(1) 

 
Where Syy is the cross spectral density of the input and 
output, and Sxx is the auto spectral density of the input.  
 
4 RESULTS 
4.1 Force transducer 
The FRF between the impact from the hand held modal 
hammer and the accelerometer on the hammer of the 
tapping machine is presented in Figure 5. The frequency 
response is close to constant up to approximately 1300 
Hz for the hammer used in these measurements. The 
range covers with margin the low frequency range 
targeted here.  
 

 

Figure 5: Upper: The average frequency response of 
measurement made using a hard plastic tip on an impact modal 
hammer. Lower; the corresponding coherence. 

4.2 Measurements in the M-building, force to sound 
FRFs 

The mean values of the force to sound pressure 
measurements, for all three excitation devices are 
presented in Figure 6 and Figure 7. The deviations from 
the mean are shown in Figure 8. 
 

 

Figure 6: Force to sound pressure FRF comparison for 
different excitation devices. For the shaker, the mean FRF 
result of the 10 N and 30 N excitations are presented. For the 
impact hammer, a hard plastic tip was used. 

 

Figure 7: Force to sound pressure FRF comparison for 
different excitation devices. For the shaker, the mean FRF 
result of the 10 N and 30 N excitations are presented. For the 
impact hammer, a hard plastic tip was used. 

There are differences between the FRF-signals; in high 
frequency there is clearly an offset between the FRF 
stemming from the impact hammer and the FRFs related 
to the modified tapping machine and the shaker.  
Structural nonlinearities are evident in the data. 
Measurements were made with both 10 N and 30 N force 
amplitude in stepped sine excitations. The comparison is 
shown in Figure 9. It can be seen that there are frequency 
ranges with different frequency responses and ranges 
with identical ones. 



 

Figure 8: Deviations from the average for the excitation 
devices. 

 

Figure 9: FRFs; the sound pressure due to the excitation force, 
for 10 N and 30 N forces. 

A separate plot of the percentage deviation of the 
magnitude of the FRFs stemming from the 10 N and 30 
N excitations with a shaker, compared to the highest 
peak value for the 10 N case is presented in Figure 10. It 
can be seen that the most significant differences, 
indicating nonlinearities, occur below 100 Hz and is 
decreasing as the frequency increases. The highest peak 
equal to 13.6 % corresponds to approximately 1.1 dB 
difference in the narrow band sound level response for 
the 30 N FRF compared to the 10 N FRF. Above 100 
Hz, the largest difference is 3.5 % which corresponds to 
about 0.3 dB deviation between the excitation levels. 
 

 

Figure 10: FRF difference, in percentage, for the 30 N sine 
excitation with shaker compared to highest peak in the 10 N 
sine excitation FRF.  

 

Figure 11: FRF between the excitation force and sound 
pressure for the impact hammer excitation together with the 
standard deviation between five measurement blocks, between 
which the operator moved 1/5 of a circle around the excitation 
point. 

The impact hammer measurements´ results are presented 
in Figure 11. It is seen that the largest differences in 
standard deviation between the measurement blocks 
occur in low frequencies, mainly below 50 Hz. The 
largest FRF standard deviation for the impact hammer 
tests is here approximately 16.9 % at 23 Hz. This 
deviation corresponds to a sound pressure of 1.36 dB. 
The results from the corresponding measurements in five 
blocks of excitation using an impact ball are presented in  
Figure 12. The corresponding standard deviation is less 
for the impact ball measurements compared to the 



impact hammer measurements. The largest standard 
deviation for the impact ball measurements corresponds 
to 4 % of the average sound pressure which at 23 Hz 
corresponds to 0.34 dB in sound pressure level. Since the 
procedure was the same for both the impact hammer and 
the impact ball, the results indicate that the location of 
the operator around the excitation point did not have a 
significant influence on the transfer functions. Instead 
the results show that most of the standard deviation with 
the impact hammer stems from the variation in impact 
force. 
 

 

Figure 12: Average sound pressure stemming from 
measurements with an impact ball together with the standard 
deviation between five measurement block. Between each block 
the operator rotated 1/5 of a circle around the excitation point. 
The Measurement time was 5.12 s and the resolution 0.195 Hz. 

4.3 Force to acceleration FRFs stemming from 
measurements in the M-building. 

From the measurements, FRFs between accelerations 
and the impact force were calculated and from the FRFs, 
eigen modes were extracted. Some eigen mode shapes 
with strong responses for the structure in the low 
frequency range are presented in Table 3. In Figure 13, 
the shape for the 13 Hz mode is presented showing the 
relation of the responses of the walls and the ceiling.  

Table 3: Some extracted eigen modes. 

Frequency 
[Hz] 

Mode / response shape 

11.0 First bending mode of floor 
13.0 High corridor wall response, besides 

side walls and floor 
15.2 Second bending mode of floor 
16.5 High side wall response besides floor. 
18.2 Floor together with suspended ceiling 

compression mode 
35 High response in floor. 
83 High side wall response, besides floor. 

 

  

  
 
Figure 13: The eigen mode at 13 Hz. The floor and ceiling 
have dominating vibrations in most studied frequencies. 
However, here significant responses of the interior walls are 
evident as well. 
 
Mobility FRFs are calculated using the data from the 
accelerometers for both the 10 N and the 30 N shaker 
excitations. The difference of the 30 N FRF compared to 
the 10 N FRF for each frequency compared to maximum 
10 N FRF value was calculated in percentage and is 
presented in Figure 14.  
 

 
 
Figure 14: Average, mobility magnitude deviation for the 30 N 
shaker excitation for all accelerometers in the room, compared 
in percentage, to the maximum level for the 10 N excitation. 
 
The corresponding calculation for the impact hammer 
measurement blocks is presented in Figure 15.  



 

Figure 15: Measurement with the impact hammer excitations 
for all accelerometers in the room, showing the average 
standard deviation for the average motilities of the 
measurement blocks, in relation to the maximum value for each 
FRF measurement.  

 

Figure 16: Standard deviation for five measurement blocks (5 
excitations in each block), stemming from impact hammer 
excitations. The measurement time was 5.12 s and the 
resolution 0.195 Hz.  

In order to know the variation between the averages of 
the measurements blocks using the impact hammer, the 
standard deviation between the force spectrum blocks is 
calculated, see Figure 16. The maximum standard 
deviation for the FRF differences is about 4%. The 
standard deviation for the measurement blocks compared 
to the force average is approximately 14.5% at the 
maximum level which implies that a 14.5% change in 
impact force gives approximately a 4% difference in the 
FRFs. The average transient peak force for the impact 

hammer measurements is approximately 880 N. The 
excitation force stemming from the impact ball was not 
measured but the transient force shown in the standard 
ISO 10140-5:2010 [13] measured on a hard concrete 
floor is approximately 1500 N and the total time of the 
positive part is 20 ms. The transient peak values of the 
tapping machine, at the measurement, were around 870 
N. 
 
5 CONCLUSIONS 
The nonlinear response, shown within the low frequency 
range, due to the varying force contents makes it relevant 
to compare the excitation amplitudes. The force of the 
impact ball is not measured in this measurement 
campaign. In a previous project, impact sound 
measurements were made with an impact ball and a 
tapping machine applied to the same measurement 
objects [8], see Figure 17. The resulting spectrum, in 1/3 
octaves, shows the difference for the tapping machine 
normalized impact sound pressure level L´n values [4] 
and the Fast maximum weighted (125 rms max) impact 
ball values, Li,FMax. Although the measurement units are 
different, it shows the response due to the excitation 
characteristics. The impact ball generates significantly 
more energy in the low frequency range. The 20 dB 
difference between the impact sound devices, ball and 
impact hammer, corresponds to a linear difference of 
approximately 10 times in terms of force and velocity 
responses. 
 

 

Figure 17: Impact sound insulation measurements, average 
difference between impact ball and tapping machine 
measurements, in the M building and another light weight 
wooden building N-building. Measurements were made with 
excitation from the rooms above and the receiving rooms had 
the same furnishing conditions during both the impact ball and 
the tapping machine measurements.  

Here, a tapping machine instrumented with a shock 
accelerometer has been used. By measuring the 
excitation force generated by the tapping machine, 
transfer functions can be achieved. 
The excitations and the corresponding transfer functions 
stemming from the modified tapping machine were 
compared with the counterparts stemming from an 
electrodynamic shaker and an impact hammer. 



The results stem from measurements made in one 
building which makes it not possible to generalize the 
results. However, they show that the structure behaves 
non-linear. Thus, the FRFs are depending on excitation 
force characteristics. Here, excitations with an 
electrodynamic shaker showed that the changing from 10 
N to 30 N sine excitation gave a difference in response 
corresponding to 1.1 dB. The excitation with impact 
hammer gave a highest deviation of 1.36 dB for the 
corresponding standard deviation between the average 
values. 
The most clear evidence of nonlinearities are here seen 
below 100 Hz. This is the range that has shown to be 
important for subjective perception of impact sound in 
light weight wooden joist floor buildings [3]. Since the 
hearing phone curves is narrower in low frequencies 
[14], nonlinearities and measurement precision may have 
more significance in lower frequencies. 
This implies that the excitation force and frequency 
characteristics should be in the similar range as real 
impact forces in order to have correct FRF 
measurements. The impact ball is close to real human 
excitation in low frequencies but lack the feature of 
measuring the force [5].  
Here, the accelerometers gave the possibility to extract 
vibro-acoustic data at the same time as the acoustic 
measurement was made. Further, low frequency 
transmission paths, natural frequencies and visualization 
of the results were extracted from the data. 
Using a tapping machine for FRF-measurements may 
still be a good idea; however it requires a check that the 
structure is linear in the range of interest. This is not 
done today with the tapping machine since it has high 
accuracy in repeatability of the excitation. A check for 
nonlinearities requires different excitation 
characteristics. For instance, to exchange the tapping 
machine with different tapping hammer surfaces (for 
instance rubber coverings seen in Annex F in ISO 
14140:5 [13]), and possible exchangeable weight could 
be a potential way forward.  
Also, reversing the use of Dodd [10], measuring impact 
sound transmission and the impact force, should then 
reduce the need of measuring air borne sound insulation, 
if having a standard tapping machine that measures 
forces at impact. Further, in concrete buildings and in 
higher frequencies, with less nonlinearities, the standard 
tapping machine may increase its capabilities in terms of 
transfer path, transfer functions and mode shape analyses 
if it is equipped with sensors to estimate the forces. 
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