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Abstract – ISO tapping machines serve as absolute standards to describe the sensitivity of buildings and
building elements in terms of impact noise. They consist of five hammers with a mass of 500 g each. The
hammers strike the test object at a velocity corresponding to a free fall from a height of 4 cm with a
time interval of 0.1 s between subsequent impacts. The force exerted by ISO tapping machines depends on
the interaction between source and receiver. This interaction is governed by two independent phenomena:
the mobility (mis)match and the restitution coefficient, i.e. the ratio of the hammer velocity after and
before the impact. It is theoretically between 0 and 1 which introduces an uncertainty range of ±3 dB
for the level of the interacting force. This contribution extends the existing equation for the blocked force
of ISO tapping machines to cover multiple impacts since their occurrence is related to the force and the
restitution coefficient. It is then shown experimentally that the restitution coefficient can cover the full
theoretical range in practical situations. Fortunately, different types of tapping machines exhibit nearly the
same restitution coefficient on the same receiver, and no systematic influence of the restitution coefficient
on the hammer velocity before the impact or on the time intervals between impacts is observed. A first
attempt to predict the restitution coefficient based on the mobility match between source and receiver did
not give satisfactory results. A prediction of the restitution coefficient thus remains an open question.
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1 Introduction

ISO tapping machines are structure-borne sound
sources which provide a standardised excitation of hor-
izontal building elements. The resulting sound pressure
level in a receiving room, which is normalised with respect
to the receiving room’s acoustic properties, is the major
quantity to characterise impact noise. This normalised
or standardised impact sound pressure level is applicable
to whole buildings or single building elements. ISO tap-
ping machines are thus an inevitable part of the definition
of the main descriptors for impact noise. In the context
of impact noise measurements but also predictions, ISO
tapping machines are absolute standards. Their proper-
ties and also how to verify them are therefore precisely
defined in international standards, e.g. ISO 10140-5 [1].

For the following analysis, ISO tapping machines are
considered to be structure-borne sound sources in the
sense of EN 15657 [2]. Such a source can be charac-
terised by three quantities, a single equivalent blocked
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force, a single equivalent free velocity and a single equiv-
alent source mobility. Two of these quantities are suffi-
cient to describe the source completely since the third
quantity can always be calculated from the other two
quantities. The mentioned source quantities can be used
to predict the interaction of the source with a receiver
where the latter is characterised by its single equiva-
lent mobility. The force acting on the receiver and also
the power transmitted from the source to the receiver
depend on the combination between source and receiver
properties.

The single equivalent blocked force is chosen as the
major source descriptor for this contribution. It is the
force that would occur when the tapping machine is oper-
ated on a receiver which is immobile. This is technically
equivalent to the situation that the point mobility of
the receiver is much lower than the source mobility. The
source mobility of tapping machines can easily be esti-
mated from the mass of its hammers and needs no further
consideration in the course of this contribution.

A basic advantage of using the source description of
EN 15657 [2] is that the properties of the source and
of the receiver are clearly separated. Unfortunately, this
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is not completely applicable to ISO tapping machines.
When the hammers are released, they impact the tested
floor with a certain hammer velocity. After the impact,
the hammers rebound with a new velocity. The trans-
mitted momentum depends on the hammer mass and
on the hammer velocities immediately before and after
the impact. The ratio between the hammer velocities
after and before the impact is the restitution coefficient.
The hammer velocity after the impact can theoretically
be between zero and the value before the impact. The
blocked force level for these two extreme cases there-
fore differs by 6 dB. Since the rebound effect depends on
the combination of source and receiver properties, the
blocked force level also depends on this combination. It
is to be emphasised here that this interaction between
source and receiver causing a certain restitution coef-
ficient is independent from the source-receiver interac-
tion due to their mobilities. Even in a blocked force con-
dition, the restitution coefficient can assume all values
between 0 and 1.

The magnitude of the rebound effect is not known in
a real situation. Therefore, a mean rebound effect is usu-
ally considered which gives a mean blocked force level for
ISO tapping machines. The actual blocked force level in
a real situation is then within a span of ±3 dB of that
mean blocked force level. Since this span is quite large
in view of the uncertainties for impact noise given in
ISO 12999-1 [3], this contribution attempts to gain more
insight into the influence of the restitution coefficient. The
main questions are:

– Which restitution coefficients are observed in prac-
tice?

– Is the restitution coefficient identical for different
types of tapping machines?

– Does the restitution coefficient influence the other
quantities that determine the blocked force, i.e. the
hammer velocity before impact and the mean time
between hammer impacts?

– Can the restitution coefficient be predicted?

Starting point for the investigation is the existing equa-
tion how the blocked force of a tapping machine depends
on the restitution coefficient. Then, this equation is mod-
ified to include the effect of multiple impacts since their
occurrence turned out to be related to the restitution
coefficient. Subsequently, the results of an extensive mea-
surement program are presented where the restitution
coefficient is measured on a special test plate for sev-
eral types of tapping machines. This test plate enables
a simultaneous measurement of the hammer velocities
before and after impact and the exerted force. Further
on, measured restitution coefficients on different floor-
ings are shown, also for different tapping machines. It is
then investigated whether the restitution coefficient can
be predicted for practical applications before the paper is
finally concluded.

2 Relation between blocked force and
restitution coefficient for single and multiple
impacts

2.1 Single impacts

The level of the blocked force in one-third octave
bands is calculated from (see e.g. [4])

LF,b,1

= 20 lg

m vmax(1 + k)
F0

√
2
(
101/20 − 10−1/20

)
f

T

dB.

(1)

Here, m is the hammer mass, vmax is the hammer velocity
before the impact, T is the mean time between hammer
impacts, f is the midband frequency of the respective
one-third octave band, k is the restitution coefficient, i.e.
the ratio between hammer velocities immediately after
and before the impact, and the reference force is

F0 = 10−6 N. (2)

Equation (1) describes the situation when each hammer
impacts the ground only once within one cycle. This or
similar equations can be found in numerous places e.g.
[5–8]. Very often, equations involve the impulse I which
is given by

I = m vmax(1 + k). (3)

Whereas [5] presents the equation for the assumption of
k = 0, Brunskog et al. [6] addresses the full range. Cremer
et al. [7] describes an average situation by the energetic
mean value between the case of no rebound and full
rebound, i.e. k = 0.41. This case also proved to be rep-
resentative in [4]. In his PhD-thesis, Buhlert uses k = 1
for an ISO-tapping machine on a concrete slab [8]. So,
existing equations cover the full theoretical range of the
restitution coefficient.

There are several measurements of the force exerted
by ISO-tapping machines reported. They are either per-
formed by reciprocity (e.g. [8]) or directly by using a force
sensor as a receiver (e.g. [9]) or by integrating the force
sensor into a hammer of a tapping machine (e.g. [10]) or
by applying a reception plate (e.g. [4]). All existing mea-
surement results clearly confirm the validity of equation
(1). An explicit investigation of the force on wooden floors
yielded restitution coefficients between 0 and 0.6 [10]. In
[11], a restitution coefficient of 0.8 is proposed for concrete
slabs whereas the range of 0.3 to 0.6 is recommended for
soft floor coverings.

2.2 Multiple impacts

When the hammer impacts the receiver it bounces
back to a certain height. Then it falls down again and a
second impact occurs. This process then continues until
the hammer is at rest. The multiple impacts increase
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the force and thus the sound power transmitted to the
receiver. When n-fold impacts occur, the level of the
blocked force is simply the energetic sum of the n pulses

LF,b = 10 lg

[
n∑

i=1

100,1LF,bl,i/dB

]
dB (4)

when the time duration and thus the phase relation
between the pulses are considered to be sufficiently ran-
dom over the measurement time which is reasonably used
for impact noise measurements. Due to the variations
observed in ISO-tapping machines [12] this seems to be
justified. Under the further assumption that the restitu-
tion coefficient is constant for all hammers and all suc-
cessive impacts, the level of the blocked force can be cal-
culated by expressing the blocked force level of the i-th
impact according to equation (1) and inserting this into
equation (4). It turns out to be

LF,b = LF,b,1 + 10 lg
[
1 + k2 + k4 + · · ·

]
dB

= LF,b,1 + 10 lg

[
n∑

i=1

k2(i−1)

]
dB. (5)

For a frictionless hammer fall from a height of h = 40 mm
it can be calculated that a second impact is avoided
when the restitution coefficient fulfills the condition (see
Appendix A)

k >
tliftg

2
√

2 g h
=: k2 (6)

where g is the gravitational acceleration and tlift is the
time between the first impact and the lift of the hammer.
Likewise, a third hammer impact is avoided for

k > −0.5 +

√
0.25 +

tliftg

2
√

2 g h
=: k1. (7)

ISO 10140-5 [1] requires that the time between hammer
impact and lift of the hammer has to be smaller than
80 ms. For the course of this contribution, the interpre-
tation of this requirement is that the hammer would be
lifted at the latest after 80 ms if no rebound would occur.
When a rebound occurs the time when the hammer is
caught in flight is different from tlift depending on the
implementation of this requirement.

Using the requirement tlift = 80 ms from ISO 10140-5
[1], double impacts are avoided for k > 0.44 and triple
impacts for k > 0.33. Figure 1 shows the increase of the
blocked force level

∆LF,b = LF,b − LF,b,1

=


10 lg

[
1 + k2 + k4

]
dB for k < k1

10 lg
[
1 + k2

]
dB for k1 < k < k2

0 dB for k > k2

(8)

as a function of the restitution coefficient due to double
and triple impacts for different times tlift between first
impact and lift of the hammer. It can be seen that the

Figure 1. Increase of the level of the blocked force of an ISO
tapping machine due to double and triple impacts according to
equation (8) for different times between first hammer impact
and hammer lift tlift.

ISO requirement restricts the force level increase to values
below 0.8 dB. This is the maximum value of the graph
for tlift = 80 ms in Figure 1 rounded to one decimal digit.
The sudden drops observed in Figure 1 are caused by
k crossing the region between one and two impacts or
between two and three impacts (see Eq. (8)). This occurs
at different k for different tlift. When tlift is smaller than
the ISO requirement, the force level increase is smaller
than 0.8 dB. The force level shows no increase at all when
tlift is zero, i.e. when multiple impacts are fully suppressed
by an immediate lift of the hammer. Figure 1 also shows
that it is not necessary to consider the fourth and further
impacts because their contribution to the energetic sum
of the blocked force level is negligible.

The above equations are also applicable to calculate
the theoretical change of the level of an ISO tapping
machine with the falling height of the hammers under
the assumption of no friction. For a constant number
of impacts (one, two or three in the current calculation
model), the blocked force level changes with the hammer
falling height with a rate of 0.11 dB/mm (Fig. 2). This
is the case for the displayed examples of a restitution
coefficient of 0.46 and 0.42. The curve for a restitution
coefficient of 0.42 is about 0.8 dB larger because double
impacts occur for all displayed hammer falling heights,
see also equation (8). When the restitution coefficient is
0.44, double impacts occur for falling heights up to about
40.5 mm whereas double impacts are avoided for larger
falling heights. This leads to the observed sudden drop of
the increase of the blocked force level.

3 Measurements

3.1 Measurement of the hammer velocity before and
after impact

The planned experiments require a measurement of
the hammer velocity before and after impact. For this, the
hammer velocity signal is measured with a laser vibro-
meter which is pointing from the top on the hammer
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Figure 2. Increase of the level of the blocked force of an
ISO tapping machine according to equation (8) as a function
of the falling height of the hammer for a fixed time between
hammer impact and hammer lift of tlift = 80 ms and different
restitution coefficients.

Figure 3. Velocity-signal of a single hammer impact (red)
with threshold values (pink, blue, green) and the linear
interpolations (black) before and after the impact.

shaft. A similar setup has already been introduced in [12].
A typical section of the time signal for a single hammer
impact is shown in Figure 3.

The hammer is released (at t ≈ 0.4 s) and then falls
free – minus the remaining friction in the guide. The
jump at the impact (at t ≈ 0.5 s) is clearly visible. After
the impact, the hammer rings and the velocity decreases
again according to a free fall – starting from a positive
initial value. The hammer is finally caught (at t ≈ 0.575 s)
by the mechanism of the tapping machine. The algo-
rithm must reliably identify an impact from such a typical
course of the velocity signal.

The analysis starts by checking if the velocity signal
drops below a given first threshold (currently at−0.2 m/s,
the blue line in Fig. 3) and stays below this value, until
it crosses a second threshold (currently at −0.6 m/s,
the green line in Fig. 3), and finally rises above the
first threshold again. By this double threshold-criterion,
events like the capture of the hammer, that cross the first
(blue) threshold but not the second (green), are ignored
as impact events.

Figure 4. Velocity-signal of a part of a single hammer impact
(red) with the approximation (black) and the maximum value
of this approximation (green).

Starting with a valid impact event, the location is
sought where 0 m/s is crossed in the rising slope of the
signal. From there, the last minimum before and the first
maximum after the zero-crossing are sought using floating
averages and simple slope-change detection.

The velocity signal may still include usual noise and
especially spikes from signal losses inside the vibrometer.
This can spoil the results. Therefore, spikes are masked
out where the slope of adjacent samples deviates sig-
nificantly from the standard gravitational acceleration
of −9.81 m/s2. Then the minimum value of the veloc-
ity before the impact can be identified. This is the mea-
surement value of the hammer right before the impact.
And it shall be checked against the requirements of the
standards.

To get an average value for the acceleration before the
impact and to get an impression of the friction between
the falling hammer and its guide, a linear interpolation is
performed for the signal before the identified impact (the
first black line in Fig. 3), starting at the first threshold
line (blue). This completes the analysis before the impact.

A linear interpolation is also the first analysis step
after the impact (the second black line in Fig. 3). It starts
at the first maximum after the zero-crossing and stops at
a given third threshold (currently at +0.3 m/s, the pink
line in Fig. 3).

Trying to include a damped oscillation of the ringing
hammer into this fit often fails because of fluctuations
and undulations in the signal. The linear interpolation
stays insensitive against eventual oscillations of whatever
amplitude. Adding a low-pass-filter to dampen the oscil-
lation is no good solution as this would deform the signal
of the sharp impact.

As oscillations from the ringing hammer sometimes
already occur in the rising slope of the signal during the
impact, it was found useful to add a relaxation to the
linear fit. The maximum value of this extended fit is taken
as the requested velocity value of the rebound. The result
is shown in Figure 4.

When all valid impact events of the velocity signal are
analysed, an average duration of a cycle of the tapping
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Figure 5. Receiving plate with force sensor.

machine can be calculated. This must take into account
that, for whatever reasons, not all impacts may have been
identified as valid in the velocity signal. These gaps must
be detected and skipped. Then 1/5 of this cycle time is
the average time between two hammer impacts T (see Eq.
(1)).

3.2 Measurements on a test plate

To measure the blocked force directly, a receiving plate
with built-in force transducers was conceived. The receiv-
ing plate must have a significantly lower mobility than the
hammer of the tapping machine. The 20 mm thick brass
plate shown in Figure 5 was chosen. For the measure-
ments, it was lying on the laboratory floor. A flat layer of
plastic foam material with a thickness of about 5 mm was
used as an underlay to compensate for the unevenness
of the floor. The brass plate has five threaded holes for
mounting the force transducers. Since only one suitable
force transducer was available at the time of the measure-
ments, steel dummies were used for the positions where
no measurements were taken. Since the force transducer
is screwed onto the brass plate and is not embedded flush,
a level adjustment for the tapping machines is required.
This was achieved using aluminium compensating pieces
adapted to the types of tapping machines available at
PTB. Thanks to their special shape the compensating
pieces also prevent the tapping machines from drifting out
of position, which would otherwise often occur. Figure 6
shows the receiving plate with four different types of
tapping machines in position.

The mobility of the receiving plate was measured at
the five reception points, without force sensor or steel
dummies mounted. The measured mobility (Fig. 7) is
close to the theoretical value of the infinite plate of
4 · 10−5 m/(Ns) which corresponds to a mobility level of
−18 dB re 0.0025 (m/s)/N. The scatter between the dif-
ferent measurement points is due to the modal behaviour
of the brass plate. The mobility of a hammer with a mass
of 500 g is also shown in Figure 7. The mobility of the

brass plate is thus sufficiently low to enable a measure-
ment of the blocked force up to about 500 Hz. Figure 7
also includes the mobility of the force sensor calculated
from its stiffness of 5 · 10−10 m/N. This number is pro-
vided by the manufacturer of the sensor. It can be seen
clearly that the sensor stiffness results in a very low sensor
mobility which does not influence the measured blocked
force levels.

Six tapping machines (TM) of four different types were
used for the measurements. For each tapping machine, the
impact force of each of the five hammers was measured
over a period of 50 s with a sampling rate of 96 kHz. The
velocity of the respective hammer was recorded simul-
taneously using a laser vibrometer. Each measurement
was repeated three times, with the tapping machine being
lifted and replaced in between. The one-third octave band
levels LF,bl,meas of the measured force were calculated
from the force signal using FFT with 4M = 222 sam-
ples, corresponding to 43.7 s averaging time. The recorded
velocity signal provides between 95 and 99 evaluable ham-
mer impacts in the time window of 50 s, from which the
mean hammer velocities before and after impact and the
mean time between hammer impacts were determined
as described in Section 3.1. The one-third octave values
LF,bl,calc of the theoretically expected blocked force can
therefore be calculated for each measurement according
to equation (1) and compared with the measured force
levels. Figure 8 shows a sketch of the experimental setup.

Figure 9 shows a typical course of the calculated and
measured blocked force, as observed in a similar form for
all types of tapping machines. Measured and calculated
force run in parallel over a wide frequency range with
an offset of approx. 0.5 dB. Above 1 kHz, the measured
force drops because the required mobility mismatch, i.e.
that the hammer mobility must be much larger than the
receiver mobility, is no longer given (see Fig. 7). The irreg-
ular course at frequencies below 160 Hz cannot fully be
explained yet. Both the natural resonances of the receiv-
ing plate (including tilting modes) and the spectral struc-
ture of the force signal could play a role here. Repeat-
ing a measurement by lifting and re-installing a tapping
machine did not bring about a significant change.

For further evaluation, the measured and calculated
one-third octave values of the force levels from 100 Hz
to 500 Hz were arithmetically averaged. This also makes
sense considering that the occurence of multiple impacts
cannot be specified as a function of frequency. Figure 10
shows the difference between directly measured and cal-
culated force levels for all measurements, with each mea-
suring point representing the average of ≥95 hammer
blows.

The differences show the offset of 0.5 dB on aver-
age, which is also visible in Figure 9. The results for
the individual tapping machines are mostly located close
together. The measurement at hammer position 3 was
somewhat noticeable and was repeated, which, how-
ever, raised other questions. The high value for tapping
machine 5 can be explained by multiple impacts that
did not occur before; although these contribute to the
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Figure 6. Different types of tapping machines positioned on the receiving plate.

Figure 7. Measured mobilities at the five force transducer
positions (real parts and imaginary parts) and the mobility of
a tapping machine hammer and of the force sensor.

measured force, they do not contribute to the calculated
value according to equation (1). No conclusive explana-
tion could be found for the now low value of tapping
machine 6 at hammer position 3. Overall, however, it
can be said that the measurement setup is well suited
for determining the blocked force of standard tapping
machines.

The described setup enables a thorough investiga-
tion of the influence of multiple impacts as analysed
in Section 2.2. Two measurement series were conducted
for this purpose. First, the falling height of one tapping
machine (TM1) was varied between 30 mm and 40 mm,
and both the force and the velocity profile were measured

Figure 8. Experimental setup for the measurement of the
blocked force.

and evaluated for one hammer position. The measured
and calculated blocked forces are shown in Figure 11 with
respect to the measured impact speed. The calculated
blocked forces are given here for each individual ham-
mer blow. The red line shows the minimum value for the
impact velocity required by the measurement standards
[1]. The line drawn in black shows the theoretical course
of the blocked force for a restitution coefficient of k = 0.44
and the 500 Hz one-third octave band.
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Figure 9. Typical course of calculated and measured force
level.

Figure 10. Summary of the difference between directly
measured and calculated blocked force.

Between 40 mm and 35 mm falling height, the mea-
sured blocked force has an offset of −0.3 dB to the values
calculated by equation (1), which is in good agreement
with the earlier measurements. With further reduction of
the falling height, this offset becomes positive, because
multiple impacts set in, which are not considered for the
calculated blocked force.

In a second approach the falling height of all employed
tapping machines was varied from 30 mm to 44 mm. Here,
only the time-averaged one-third octave band spectrum
of the blocked force was measured with a force trans-
ducer at hammer position 3. The averaging time was set
to 30 s. Figure 12 shows the difference of the measured

Figure 11. Change in the measured LF,bl,meas and calcu-
lated LF,bl,calc blocked force when varying the falling height,
tapping machine 1, hammer 3.

Figure 12. Difference of the measured blocked force level to
the blocked force level at 41 mm falling height. Average values
of blocked force level from 100 Hz to 500 Hz.

blocked force level at a respective falling height to the
measured blocked force level at a falling height of 41 mm.
The blocked force level is averaged over the one-third
octave bands from 100 Hz to 500 Hz.

With decreasing falling height, the onset of multiple
impacts is indicated by a sudden increase of the blocked
force. For TM1 and TM2 this occurs at a falling height
of 34 mm, for TM3 at 32 mm, for TM4 at 37 mm and
for TM5 at 40 mm. Different tapping machines show
a different behaviour because the time between ham-
mer impact and hammer lift varies for different tap-
ping machines, but also the restitution coefficient may
be different. Only TM6 does not display any multiple
impacts. This is achieved by the electro-mechanical oper-
ation, which allows for a very short time between the
impact and the lift of the hammer, which cannot be
realised in a purely mechanical way. The result displayed
in Figure 12 is thus an experimental proof of the theo-
retical findings from Section 2.2 for falling heights below
41 mm. For larger falling heights, TM3 and TM4 show
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Table 1. Floorings used in the first series of measurements (TM1–TM5 employed).

Code Description

S Standard test plate PTB, 40 mm concrete stone slab
L Laminate flooring on 140 mm concrete floor
H 370 mm concrete floor (Non-rectangular reverberation room)
R Floor H with 12 mm elastic PU foam layer on top
B Dry screed on 300 mm concrete floor
D Dry screed on timber floor (ISO 10140-5 type C1)

Table 2. Setup of measurements on concrete block (TM1 and TM6 employed, except setup “Q”.)

Code Description

K Concrete (h = 200 mm) block unmodified
M Concrete block (h = 200 mm) + 2 mm PVC (homogeneous)
N Concrete block (h = 200 mm) + 4 mm PVC (hard top layer + foam backing)
O Concrete block (h = 200 mm) + 3 mm foam underlay + 3 mm hardboard
P Concrete block (h = 200 mm) + 3 mm foam underlay + 28 mm chipboard
Q Granite Block (h = 100 mm) + damping layer + granite plate (h = 22 mm) TM1 + TM3 employed

decreasing force levels, i.e. the force is too small. This
is in contradiction to the requirement from [1] that the
hammers must fall at least 4 mm below the supporting
plane. This observation is not considered any further in
the context of this contribution.

3.3 Measurements on different floorings

The experimental setup used for the measurements on
different floorings also makes use of the laser vibrometer
as shown in Figure 8. Since the force sensor could not be
used there was no level compensation applied. An addi-
tional accelerometer was always mounted on the receiv-
ing structure to detect the time intervals between the
hammer impacts. The laser vibrometer was again used
to measure impact velocities and restitution coefficients
of the individual hammers. The recording time for each
measurement was 7 s, providing 12 to 13 evaluable ham-
mer impacts. All presented results are averaged over all
hammer impacts within the measurement duration.

In total, six tapping machines (TM), of four different
types were employed, TM1–TM5 are mechanical devices,
while TM6 is electro-mechanic. In a first series of mea-
surements, five tapping machines were operated on six
different floorings, tapping machine number six was not
available at this time. Further investigations were made
with two tapping machines (TM1 and TM6) on a con-
crete block, which was measured unmodified and with
four different linings. The floorings used in the first series
of measurements are described in Table 1. The setups
used for the second series (concrete block + linings) are
described in Table 2. The only aspect in the selection
of the floorings was to cover a wide range between soft
and hard impacts. The ratio between source and receiver
mobility had therefore to be accepted as it was. Occuring
mobilities are shown in Figure 13.

Figure 14 shows an overview of all measured restitu-
tion coefficients. The theoretically possible range for the
restitution coefficient between 0 and 1 is almost entirely
covered by the different measurement setups. There is no
or little significant variation of the restitution coefficient
between the individual tapping machines. For the lami-
nate flooring “L”, the restitution coefficient shows a huge
variation between the hammer positions. This can be
explained by the inhomogeneous structure of this setup.
Certain repeating patterns can also be observed for some
other setups, but these are less pronounced.

It is of interest to investigate the variation of the resti-
tution coefficient between individual tapping machines.
For this purpose, the average value and the standard
deviation of the restitution coefficient between tapping
machines was calculated for the floorings listed in Table 1,
where five tapping machines were used. The calculation
was done individually for each hammer position. The
result is shown in Figure 15. There is no clear rela-
tion between the standard deviation of k and k itself.
Nevertheless, a reasonable upper limit for this standard
deviation of 0.1k may be deduced from Figure 15.

An overview of the measured impact velocities is given
in Figure 16. Of the 205 measured impact velocities, only
four are slightly below 0.853 m/s, which is the minimum
permitted value by ISO 10140-5 [1] if a mass tolerance of
the hammer of ±6 grams is kept. The upper permitted
value of 0.919 m/s is never exceeded. TM1, which was
used for all measurements, received servicing after the
first part of the tests (cleaning and lubrication), and after-
wards delivered higher impact velocities. TM3 and TM6,
which are more recent types, seem to show less sensitivity
towards different receiving structures.

Figure 17 displays all measured time intervals between
consecutive hammer impacts. As could be expected,
TM6, which works electro-mechanical, shows very little
variation of impact times. Here, a 10 Hz spectrum is more
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Figure 13. Absolute value of all measured receiver mobilities. The red line indicates the mobility of a typical hammer mass
(500 g).

Figure 14. Overview of all measured restitution coefficients for different floorings.
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Figure 15. Average restitution coefficient and related standard deviations for different tapping machines. The black line is
0.1k.

Figure 16. Overview of all measured impact velocities.

likely to be expected. All other tapping machines show
larger variations.

It is also of interest to investigate the relation between
restitution coefficient and impact velocity or time inter-
vals. This is displayed in Figures 18 and 19 respectively.
It has been assumed that, at least for certain types of
tapping machines, the restitution coefficient may have an
influence on the impact velocity. A high restitution coef-
ficient can create a strong impact on the tapping machine
when the hammer is lifted by the catch mechanism. This
impact could cause vibrations in the tapping machine,
which in turn hamper the free fall of the other hammers,

thus having an influence on the impact velocity and/or
the time interval between impacts. However, in both cases
a correlation is not observed in the results presented here.

4 First attempt to predict the restitution
coefficient

The experiments in Section 3.3 resulted in very differ-
ent restitution coefficients covering nearly the full the-
oretical range between 0 and 1. This means that the
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Figure 17. Overview of all measured time intervals between impacts.

Figure 18. Relation between restitution coefficient and impact velocity.
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Figure 19. Relation between restitution coefficient and time interval between impacts.

level of the blocked force varies within ±3.0 dB accord-
ing to the theory from Section 2. The level of the acting
force will show the same variation since it follows directly
from the level of the blocked force and the mobility ratio
between source and receiver. The span of the acting force
is thus comparatively large for many applications, e.g. for
a prediction of an impact noise level.

To reduce this span it is tried to estimate the restitu-
tion coefficient based on the mechanical properties of the
receiving structure. The usual descriptor for such pur-
poses is the point mobility, so it was measured for all
receiving structures. In most cases, the mobility measure-
ment was performed using an impact hammer and two
accelerometers, which were mounted as close as possible
to the impact point. The receiver mobility YR is then
calculated using

YR =
v

F
, (9)

where v is the velocity obtained by averaging and integra-
tion of the measured acceleration spectra, and F is the
force delivered by the impact hammer.

This method did not prove feasible for the setups with
a foam or PVC layer on top. These materials show a dis-
tinguished local reaction to the impact of the hammer,
which is not properly reflected by the adjacent accelero-
meters. In these cases, the mobility was determined indi-
rectly by measuring the dynamic stiffness s and the loss
factor η of the material. They are determined with a
measurement setup where the material is loaded with
an appropriate mass, thus forming a spring-mass system.
The real and imaginary part of the receiver mobility then

can be calculated as a function of frequency f by

Re{YR} =
2πfη

s(1 + η2)
(10)

and

Im{YR} =
2πf

s(1 + η2)
· (11)

For an overview, Figure 13 shows the absolute value of
all measured mobilities, each averaged over the 5 ham-
mer positions. The results show that, alike the restitution
coefficients, a wide range of mobilities is covered by the
selected floorings. The red line depicts the mobility for a
hammer with a mass of 500 g.

The basic idea is now that the restitution coeffi-
cient depends on the mobility match between source
and receiver. But as the mobility is frequency-dependent,
while the restitution coefficient is a single number, a
reasonable connection between these quantities is not
straightforward. As an attempt to solve this problem, the
sound power injected by a hammer of a tapping machine
is considered since this heavily depends on the mobilities.
It is, expressed in one-third octave bands [2],

P1/3 oct = F 2
b,1/3 oct

|YS |2

|YS + YR|2
Re{YR}, (12)

where Fb,1/3 oct is the blocked force in the respective fre-
quency band, YS is the mobility of the hammer mass
(source), and YR is the mobility measured on the flooring
(receiver). Finally, the sum of the contributions from the
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Figure 20. Relation between restitution coefficient and standardised injected power.

one-third octave bands is calculated by

∆LW,Σ = 10lg

[
1
n

n∑
i=1

P1/3 oct

Pref

]
dB (13)

with
Pref = F 2

b,1/3 oct|YS |. (14)

This reference power Pref is a theoretical maximum power
calculated from the blocked force and the free velocity
[2]. So, the summation in equation (13) is performed
for the ratio between the really injected power and the
theoretical maximum power.

The range of the included one-third octave bands
spans from 50 Hz to an upper frequency, which is the
frequency where the level of the excitation force drops by
more than 3 dB.

The relation between the restitution coefficient and
the power ratio is shown in Figure 20. The results from
all tapping machines and all hammer positions are sep-
arately shown. Unfortunately, a clear correlation is not
observed. Nevertheless, small power ratios seem to indi-
cate a high restitution coefficient whereas larger power
ratios are associated with a larger span of restitution
coefficients. The latter is especially prominent for the
laminate (L), where a power ratio of −3 dB is related to
restitution coefficients between 0.3 and 0.8. For the other
receivers, the results are within a small span of restitu-
tion coefficients and power ratios. Thus, the power ratio
seems not to be a good descriptor to predict the restitu-
tion coefficient. The results could neither be improved by
extending the included one-third octave bands to 5 kHz
nor by including the imaginary part of the sound power.

5 Summary and outlook

The existing equation for the blocked force exerted by
an ISO tapping machine was extended to the case of multi-
ple impacts. Such multiple impacts can increase the blocked
force level by up to 0.8 dB when the time between impact
and hammer lift is smaller than 80 ms as required by ISO
10140-5 [1]. This finding was experimentally verified.

Furthermore, the restitution coefficient was measured
for different floorings. It covered nearly the full theoreti-
cal span between 0 and 1. The actual blocked force level
in a given situation therefore must be expected to show a
variation within ±3 dB around the theoretical mean value
of the blocked force level. It was furthermore shown that
the restitution coefficient is very similar when different
types of tapping machines are used on the same flooring.
The relative standard deviation of the restitution coef-
ficient was mostly below 10% for this experiment. This
explains why impact noise measurements show only a
slightly larger uncertainty than airborne sound insulation
measurements according to [3].

It was also investigated whether the restitution coef-
ficient influences the other quantities that determine
the blocked force level, i.e. the impact velocity or the
time between consecutive hammer impacts. Experiments
showed that this is not the case. The restitution coeffi-
cient, the impact velocity and the time between hammer
impacts can thus be regarded as independent quantities.

Finally, a first attempt was made to predict the resti-
tution coefficient based on the injected sound power
which was calculated from the mobility match between
source and receiver and the blocked force. Whereas a
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small injected sound power seems to indicate a large
restitution coefficient, a large injected power is related
to a large span of restitution coefficients. It is therefore
not possible to reduce the range of ±3 dB for the blocked
force level on the base of this approach.

It is planned to use the findings from this paper to
determine an uncertainty of the blocked force level of
ISO-tapping machines and to develop a further method
for verifying tapping machines which may be a sen-
sible addition to the method currently described in
ISO 10140-5 [1].
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Appendix A

Occurrence of multiple impacts

Figure A.1 shows the hammer height and Figure A.2 the
hammer velocity as a function of time t for different resti-
tution coefficients k. The hammer is released at t = 0. Its
velocity decreases linearly whereas its height reduces parabol-
ically. When the hammer height reaches 0, the hammer hits
the ground. The hammer velocity immediately changes its sign
and jumps to the velocity after the impact whereby the resti-
tution coefficient k describes the ratio between the moduli
of the hammer velocities before |vmax| and after the impact∣∣v′max

∣∣. The hammer velocity decreases again and the hammer
height follows a parabolic function of time.

The time between the first and the second impact is

t1 =
2
∣∣v′max

∣∣
g

=
2 k|vmax|

g
· (A.1)

The smaller the restitution coefficient k, the shorter the time
between the first and the second impact t1. Resolving equation
(A.1) with respect to k gives

k =
g t1

2 |vmax|
· (A.2)

It follows from this that a second impact is avoided for a given
time between the first hammer impact and lift of the hammer
tlift when

k >
g tlift

2 |vmax|
· (A.3)

The time between the first and the third hammer impact is

t2 =
2 v′max

g
+

2 v′′max

g
=

2 vmax

g

(
k + k2). (A.4)

Solving this quadratic equation for k gives two solutions out
of which only one is positive and thus physically meaningful

Figure A.1. Hammer height as a function of time for different
restitution coefficients k.

Figure A.2. Hammer velocity as a function of time for
different restitution coefficients k.

k = −0.5 +

√
0.25 +

g t2
2 vmax

· (A.5)

A third hammer impact is avoided for a given tlift
when

k > −0.5 +

√
0.25 +

g tlift
2 vmax

· (A.6)
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