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Abstract

A test rig, built to investigate the dynamic response caused by
rolling contact of rough surfaces, is used to investigate the dynamic
response caused by the rolling contact of different surface topogra-
phies. The linear relationship between surface profile spectrum level
and dynamic response is assessed. It is shown that a change in the
dynamic response level is directly related to a change in the surface
profile spectrum level, if the surfaces are not too rough. It is an-
ticipated that the linear relationship between the surface roughness
spectrum and the dynamic response will break down for surfaces that
are rough enough for sufficiently high rolling velocities. This is exper-
imentally demonstrated. Measured surface profile spectra can be used
to predict the level of dynamic response if the surface roughness level
is not too severe. The results raise a number of questions regarding
the excitation process. For instance, the influence and the onset of
loss of contact merits further research.

1 Introduction

Pärssinen [1] developed a model for predicting the dynamic response gener-
ated by two structures with rough surfaces in rolling contact. The method ac-
counts for the non-stationary characteristics of the dynamic response caused
by a moving point of contact. It is shown [1] that the blocked-force excitation
model [2] as well as the relative-displacement excitation model [3] are special
cases of this model.

A test-rig was built to study the dynamic response caused by a smooth
steel ball rolling over a steel beam with a machined surface, and the va-
lidity of the proposed model is verified experimentally [4]. The validation
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is made by reducing the general contact interaction model to the blocked-
force case [2], utilising three-dimensional topographies of the contacting sur-
faces as input to a contact-computation program that computes the blocked
force. The procedure of measuring the three-dimensional surface topogra-
phies, and generating the parameters of the linear contact-model is time-
consuming. As a matter of fact, it was only possible to measure a small part
of the beam’s surface topography within a reasonable time. Alternatively,
the general linear contact-interaction model can be reduced to the relative-
displacement model [3]. This can be accomplished by employing the same
contact-computation program as was utilised in [4]. The blocked force was
obtained by computing the contact-interaction force given prescribed con-
stant displacements of the contacting bodies. In a similar way, the relative-
displacement excitation source [3] can be obtained from the inverse problem
of finding the displacements for a constant contact-interaction force. This
is, however, even more computationally demanding than the blocked-force
computation. Therefore, another approach is taken here.

A usual method of estimating the relative-displacement excitation term
is by measuring the surface topography along the path of rolling contact, and
directly introducing this quantity as the source of excitation in the contact-
interaction model. For future applications of the developed test rig, this
alternative is appealing, since the surface topography measurements do not
have to be as detailed as the measurements made for providing input to the
contact computation program. A common practise of characterising the sur-
face topography of rough surfaces is to use a profilometer, with a stylus that
has a very small needle radius. A very light load is applied to the stylus,
which is in contact with the surface, and it is moved over the surface with a
constant horisontal velocity, while the vertical movements of the stylus are
recorded. There are obviously differences between the measured surface pro-
file and the surface topography picked up by the beam-ball contact. During
the previously performed contact computation [4], however, it was noted that
the contact area consists of a number of quite small regions, indicating that
the surface topography picked up by the small stylus may also be relevant to
the contact interaction of beam and ball. Consequently, it is expected that
measured surface profiles can be used to characterise the dynamic excitation
for similar surfaces and loads as investigated in [4]. A possible drawback is
that contact filtering of the surface topography is not directly accounted for.
Contact filtering is a consequence of the finite size of the contact region. In
this case, the contact is built up by a number of small regions. This will
manifest itself in a spatial averaging of the surface topography, and should
be accounted for by filtering the measured surface profile. This effect has,
for instance, been investigated for rail-wheel contacts [3,5]. It is anticipated
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that the measured surface profile has to be corrected, by including this effect.
In this paper, the linear relationship between the surface profile spectra

and the dynamic response is assessed for the developed test rig. This is un-
dertaken by comparing differences in measured acceleration levels between
beams with different surface topographies, for different rolling velocities, with
measured differences in surface profile spectrum levels. One may argue that
the use of a small surface stylus needle is not the optimal method for charac-
terising the surface. An alternative method might be to use a measurement
device that has a contact radius equal to the radius of the specific ball ra-
dius of interest. The use of a profilometer, however, is a wide-spread and
well-established technique in measuring surface roughness, and it provides
the possibility of an easy comparison between different surfaces, measured
at different laboratories. The possible drawback of having to correct the
measured surface profile by a contact filter is considered to be acceptable.

Contact mechanics is inherently non-linear, and it is anticipated that
linear theory will cease to be valid for surfaces that are rough enough or for
sufficiently high rolling velocities. An indication and a discussion of these
limitations is presented in this paper. This is undertaken by measuring the
dynamic response of a beam that has a mean surface roughness level that is
approximately seven times higher than the beam that was used in validating
the dynamic response in [4].

Even within the linear domain, that is for small displacements of the
contacting bodies, there may be other effects that are not accounted for in
the model. As discussed in [1], the blocked-force model and the relative-
displacement model are both obtained as special cases of a more general
linear contact-interaction model. Both models describe the same physical
mechanism, that is a small localised deformation within the region of contact.
This results in a contact-interaction force that is linearly proportional to the
relative displacement that is normal for the contacting surfaces. But, as an
example, the model does not account for the effect of the sliding motion of the
contacting surfaces. In this paper, the dynamic response of a beam that has
a surface with a mean roughness level similar to that of the beam used in [4]
is studied. The dynamic response of the beam is computed using measured
profiles as a source of excitation, instead of measuring the three-dimensional
topography and using a contact-computation program to obtain the blocked-
force excitation term. If both models are applied correctly, however, they
have similar deficiencies in terms of physical features not accounted for. For
instance, the agreement [4] between prediction and measurement is quite
good for the relatively low rolling velocity (1 m/s). There was, however,
a region between 700 and 1,700 Hz, in which the prediction consequently
overestimates the measured response. At some frequencies, the deviation
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between prediction and measurement reaches 10 dB. A question of interest
is whether this deviation is due to inaccuracies in the application of the
proposed method, or if the model fails to describe the physical mechanisms
within this frequency region.

2 Experimental setup

Three beams are machined to have different surface roughness topographies.
The properties of the beams are given in Table 1, where the surface roughness
parameter Ra is defined as

Ra =
1

L

∫ L

0

|z| dx, (1)

where L is the length of the profile measured and z is the height of the surface
profile, relative to its mean height. The estimation was made according to
DIN-standard 4768.

The experiment is carried out as described in [4]. That is, a beam is
mounted in the test rig and a steel ball – with a diameter of 40 mm – is allowed
to roll over the beam 25 times for each rolling velocity, while measuring the
dynamic response of the beam. An averaged acceleration Power Spectral
Density (PSD) is generated for each rolling velocity and beam. The spectrum
is generated from the part of the acceleration time-history that corresponds
to the ball being in rolling contact with the unconstrained part of beam,
between the two clamping pairs. The measurement test rig is outlined in
Figure 1. For a more thorough description of the test, the reader is referred
to [4].

The surface topography amplitudes of the steel ball are of the order of
one tenth of the surface topography amplitude of the smoothest beam (beam
A). The surface roughness of the ball is neglected when modelling the contact
excitation mechanism.

Table 1: Properties of beams A, B and C
Beam Surface roughness Method of Length Width Thickness

Ra [µm] surface finishing [mm] [mm] [mm]

A 0.29 Plane grinding 700 50 6.8

B 0.65 Plane grinding 700 50 6.8

C 2.25 Plane milling 700 50 6.8
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Figure 1: Schematic illustration of measurement test rig.

2.1 Surface Profile Measurements

Surface profile measurements are carried out on the three beams using a
Rank Taylor Hobson stylus1, measuring the surface profile height [m] along
straight lines. On each beam, 15 profiles were measured. Each profile has a
length of 15 mm and consists of 1,436 measurement points with a sampling
distance ∆x = 10.4 µm between each measurement point. The profiles were
measured along the length of the beams within an area in the mid-section
of the beams corresponding to one third of the beam’s length (see Figure
2). The object is to generate corresponding surface profile spectra. This is
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15 profiles on each beam

Figure 2: Schematic illustration of orientation of surface profiles on beams.

undertaken by dividing each surface profile in overlapping - by 613 points -
shorter sections of 1024 points. Thus, each surface profile is divided in two
sections (see Figure 3). All sections are independently fitted to straight lines

1Form Talysurf Mk 1 with needle radius 2 µm
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Figure 3: Each surface profile is divided in two overlapping sections.

using linear regression, and the linear trends are removed from the sections.
The remaining part of the sections are windowed by Hanning windows, and
the corresponding PSD is computed for each section. A mean surface profile
PSD is obtained by averaging the PSDs of all 15× 2 sections corresponding
to the beam.

The resulting surface profile PSD of the beam, denoted by Φr0r0(k), is
expressed as a function of the wave number k = 2π/λ, where λ is the surface
profile wavelength. Since the unit of the surface profile is meter [m], Φr0r0(k)
is expressed in m2 per wave number k, that is m2/∆k.

Given Φr0r0(k), expressed as a function of the wave number, it is conve-
nient to express this quantity by the corresponding spectrum of displacement
Sdcdc(ω) (expressed in m2/∆ω) registered by the stylus moving over the sur-
face with the velocity v. The two spectra are related by [6]:

Sdcdc(ω) =
1

v
Φr0r0

(ω

v

)

. (2)

Expressing this as a function of frequency, the spectrum Sdcdc(f) (expressed
in m2/∆f) is given by

Sdcdc(f) =
2π

v
Φr0r0

(

2πf

v

)

. (3)

The frequency resolution of the discrete spectrum Sdcdc(f) is given by the
ratio between the rolling velocity and the length of a section, that is v/(1023 ·
10.4 · 10−6). For v = 1 m/s this corresponds to approximately 94 Hz. The
highest frequency that will appear in the sampled data is given by v/(2∆x),
where the factor 2 is a consequence of the Nyquist cutoff frequency [7]. For
∆x = 10.4 µm, and v = 1 m/s this corresponds to approximately 48 kHz,
which is well above the maximum frequency of interest here.
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Figure 4: A ball moving over a beam.

3 Formulation of physical model

The dynamic response may be predicted by the model formulated in [1].
The model describes the dynamic response caused by two bodies in rolling
contact, and it accounts for the non-stationary dynamic response owing to a
moving point of contact. The contact-interaction force

Fc(t) = F0(t, dc(t))+k0·dc(t)+k0·[w1(ξ1, t)− w2(ξ2, t)]+c0·[ẇ1(ξ1, t)− ẇ2(ξ2, t)] ,
(4)

where w1(ξ1, t) and w2(ξ2, t) are the vertical displacements of the beam and
the ball at the moving point of contact. The variables ξ1 = ξ1(t) and ξ2 =
ξ2(t) denote the position of the moving point of contact along the path of
rolling contact. If the ball rolls over the beam with a constant velocity,
ξ̇1 = ξ̇2 = v, where v is the rolling velocity. For the specific case considered
here, the rotation of the ball is not modelled, and its surface is regarded as
smooth. Consequently, ξ2(t) is not accounted for.

The contact stiffness and the contact viscous damping are given by k0

and c0. F0(t, dc(t)) is the blocked force with respect to dc(t). In other words,
the contact force obtained under the restriction w2(ξ2, t)− w1(ξ1, t) = dc(t).
The specific case of a ball rolling over a beam is studied in [4].

The contact-interaction model is derived by considering a general non-
linear contact model, which is linearised. This brings about the two terms
F0(t, dc(t)) and k0 · dc(t). The relative importance of these terms depends
on how the linearisation is made. By linearising the non-linear contact-
interaction model with respect to a constant, or very small, relative displace-
ment, the blocked-force term dominates. This reduces the contact-interaction
model (4) to the blocked-force case [2]. The experimental validation of
the theory reported in [4] is made considering this case, using a numeri-
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cal contact-computation procedure to compute the blocked-force spectrum.
This procedure, however, is time-consuming, involving the measurement of
the beam’s three-dimensional topography along a short part of the rolling
contact path.

The relative-displacement model [3, 5] is an alternative model. Consid-
ering again a general non-linear relationship between contact force and dis-
placement, the relative-displacement term dominates if the non-linear model
is linearised with respect to a constant, or very small, blocked force. One
method of realising this is to apply the contact-computation program [8] on
a measured three-dimensional topography and solve for the displacements of
the contacting bodies, given a constant contact force. This is, however, a
quite time-consuming procedure. An alternative is to measure the relative-
displacement excitation term directly, for instance by measuring the varying
surface profile height along the path of rolling contact. An example of such
a procedure is discussed in Section 2.1. The measurements of surface profiles
can be interpreted as an estimation of dc(t) in Equation (4), given a small
blocked-force term. The disadvantage is that the effect of contact filtering
is not included, since the important quantity related to dynamic excitation
is the part of the surface profile that is picked up by the beam-ball contact.
This is different from the surface profile picked up by a small profilometer
stylus, and should be corrected by a filter. The relative-displacement ex-
citation term k0 · dc(t) also includes the contact stiffness k0, which has to
estimated separately. The three beams used here, see Table 1, are made of
the same material as the beam used for experimental validation in [4], and
the surface roughness of beams A and B are of the same order of magnitude
as that beam. A reasonable assumption is that the contact stiffness is also
of the same order.

Denote the sum of the blocked-force and the relative-displacement exci-
tation terms by P0(t):

P0(t) = F0(t, dc(t)) + k0 · dc(t). (5)

This term is given as a time-dependent variable, rather than using the corre-
sponding spectrum, since the dynamic response of the beam is non-stationary,
and the equations of motion are solved in time-domain. Consequently, if the
distance of rolling contact is L, and the rolling velocity is a constant, say v,
then P0(t) has to be estimated for a time length L/v. This requires an esti-
mation of dc(t) along the complete path of rolling contact. It is advantageous
to have access to a method for generating this quantity from smaller samples
of the material. Such a method is described in [1]. The method works by
computing the PSD, say SPP (f), from the originally estimated P0(t), which
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is valid for a shorter time. The PSD is used as input to a Monte-Carlo pro-
cedure that generates simulated time-dependent functions. These have the
same PSD level as SPP (f). In this case, the surface profile measurements are
carried out by estimating dc(t) with a low load acting on the surfaces. Con-
sequently, the contribution of F0(t, dc(t)) to P0(t) in (5) is neglected. Thus,
the excitation spectrum SPP (f) is given by

SPP (f) = k2
0 · Sdcdc(f), (6)

where Sdcdc(f) is the PSD of dc(t). If this model is correct, the dynamic
response is proportional to the PSD level of the surface profile. This can be
verified by comparing differences in the measured acceleration levels between
different beams with differences between surface profile levels. Furthermore,
the difference in measured acceleration PSD levels for different rolling ve-
locities should be approximately equal to differences in Sdcdc(f) levels, see
Equation (3). An investigation of the linear relationship between the PSD
level of the surface profile and the dynamic response is made in Section 5.

Finally, the surface profile PSD Sdcdc(f) is used as input to the above-
mentioned Monte-Carlo procedure that generates representative time-histories
P0(t). This provides the contact-interaction model (4), and allows computa-
tion of the dynamic response of the beam during rolling contact. The details
of this procedure are discussed in [4]. A comparison between computed and
measured acceleration levels is made in Section 6.

4 Measurement Results

The measured acceleration power spectral densities (PSDs) resulting from
rolling a 40 mm diameter steel ball with the velocities 1 and 3 m/s over
beams A, B and C are shown in Figures 5-7.

The measured surface profile spectra Sdcdc(f) for v=1 m/s and the three
beams are shown in Figure 8.
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Figure 5: Acceleration PSD level. 40 mm ball rolling over beam A.
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Figure 6: Acceleration PSD level. 40 mm ball rolling over beam B.
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Figure 7: Acceleration PSD level. 40 mm ball rolling over beam C.
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Figure 8: Surface profile displacement spectrum Sdcdc(f) for v=1 m/s.
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5 Analysis of differences in acceleration level

vs. differences in surface profile levels

If the dynamic excitation is directly proportional to the surface topography,
differences in the measured acceleration Power Spectral Density (PSD) levels
between the three beams directly correspond to differences in the PSD levels
of the measured surface profile. The relevant quantity, however, is the part of
the surface topography that is picked up by the contact. This can be different
from the surface profile PSD, owing to the finite size of the contact and the
deformation of surface asperities within the contact region. For instance,
surface profile wavelengths much shorter than the dimensions of the contact
region will not as effectively provide relative-displacement excitation as will
wavelengths of the same size as, or longer than, the contact region dimension.
In effect, a filter is applied to the surface profile along the path of contact,
see e.g. [3, 5].

If the effect of a contact filter is similar for different surfaces, it is still
possible to evaluate the difference in response between two different beams
– with different surface topographies – by considering the difference in the
PSD level of the surface profile. This, nevertheless, requires that the physical
mechanisms providing the dynamic excitation are comparable. The measure-
ment test rig is built to study the dynamic response resulting from surfaces
in rolling contact. For surfaces that are rough enough, it is anticipated that
other effects, such as loss of contact and impact phenomena will influence
the response. Should there be a non-negligible amount of impact, this is
expected to directly affect the low frequency dynamic response.

For the specific cases studied here, people might expect that differences
in the PSDs of the surface profile between the three beams are in reasonable
agreement with the actual measured differences in the acceleration levels of
the PSD. The contact load is quite low, and a previously performed numer-
ical analysis of the contact [4] indicates that separate surface topography
asperities carry the contact load. That analysis was performed on a beam
with its surface roughness topography similar to that of beam A. However,
other effects, such as impact phenomena and loss of contact, are expected to
influence the response for surfaces that are rough enough and for sufficiently
high rolling velocities. The roughest beam (beam C) has a surface rough-
ness RA = 2.25 mm in the direction of rolling. The sound perceived during
the rolling experiment when using that beam was a great deal different from
the sound heard when using beams A and B. For the two latter beams, the
sound has the characteristics of continuous rolling, whereas the sound heard
for beam C has the characteristics of separate impacts, indicating loss and
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onset of contact. It is anticipated that a model based purely on surface
profile level differences fails to predict the response of this beam accurately.
Furthermore, when the rolling velocity is increased, the risk of loss of con-
tact followed by impact is also increased. It is anticipated that a model that
assumes continuous contact eventually will break down for sufficiently high
rolling velocities. An educated guess is that the anticipated increase in the
dynamic response, using the linear excitation model, is an underestimation.

5.1 Results

Measured changes in acceleration PSD levels between the beams as well as
corresponding changes in profile displacement PSD levels, see Equation (2),
are shown in Figures 9-12. The changes in profile displacement spectra are de-
noted ”anticipated changes”, since, according to the model (6), the dynamic
excitation is directly proportional to the profile displacement PSD level. A
moving average filter, of width 500 Hz, is applied to the differences since oth-
erwise slight changes in resonance frequencies between different beams may
lead to erroneous conclusions. Thus, results are shown from 250 to 9,750 Hz.

Comparisons between beams A and B, see Figures 9-10, for the two rolling
velocities 1 and 3 m/s show reasonable agreement between profile level differ-
ence and acceleration level difference, indicating a linear relationship between
surface topography and dynamic response. Comparisons between beams A
and C, see Figures 11-12, for these rolling velocities are unsatisfactory up
to 4.5 kHz. The differences in profile displacement spectrum indicate that
the difference in dynamic response between the two beams should decrease
with decreasing frequencies below 1 kHz (see solid lines in Figures 11-12).
The actual trend, however, is opposite. The difference in dynamic response
between beams A and C actually increases for low frequencies. As previously
discussed, it is anticipated that surface profile spectra will fail to accurately
predict the level of dynamic response for surfaces that are rough enough.

Measured differences in the acceleration PSD level owing to a change in
the rolling velocity are shown as solid lines in Figures 13-15. Corresponding
changes in the spectrum levels of the surface profile displacement are shown
by the dashed lines. The anticipated change in response level, considering
the profile displacement spectrum, underestimates the increase in the accel-
eration level with increasing rolling velocity for all beams. This tendency is
especially accentuated for frequencies below 1.5 kHz. Thus, for low frequen-
cies it is expected that a prediction model, using surface profile spectra, will
underestimate the increase in the acceleration level with increasing rolling
velocity. The possibility of attributing these deviations to contact filtering is
discussed next.
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Figure 9: Change in the acceleration level owing to replacing beam A with
beam B. Rolling velocity is 1 m/s.
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Figure 10: Change in the acceleration level owing to replacing beam A with
beam B. Rolling velocity is 3 m/s.
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Figure 11: Change in the acceleration level owing to replacing beam A with
beam C. Rolling velocity is 1 m/s.
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Figure 12: Change in the acceleration level owing to replacing beam A with
beam C. Rolling velocity is 3 m/s.
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Figure 13: Change in the acceleration level owing to increasing rolling veloc-
ity from 1 to 3 m/s - beam A.
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Figure 14: Change in the acceleration level owing to increasing rolling veloc-
ity from 1 to 3 m/s - beam B.
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Figure 15: Change in the acceleration level owing to increasing rolling veloc-
ity from 1 to 3 m/s - beam C.

5.2 Contact filtering

The measured increase in the response level when increasing the rolling veloc-
ity deviates from the anticipated change in the response level that is obtained
by considering surface profile spectra as the dominant source of dynamic ex-
citation, see Figures 13-15. One possible explanation is that the displacement
spectrum, providing dynamic excitation, is the filtered surface profile spec-
trum. The object of this section is to assess to what extent the deviations
can be attributed to contact filtering.

An obvious method to investigate whether contact filtering is of impor-
tance is to compute the dynamic response of the beam, using the unfiltered
surface profile spectrum, and directly compare the computed and the mea-
sured acceleration levels. If contact filtering is of importance, the computa-
tion will overestimate the response level. This requires an accurate model
of the dynamic properties of the contacting structures, that is, the dynamic
receptance of the beam along the path of rolling contact, the contact recep-
tance and the receptance of the ball. By comparing the response for different
surface profile wavelengths at a common frequency instead this effect is elim-
inated [9]. Consider, for example, two bodies in rolling contact with a rolling
velocity of 1 m/s. This implies that surface roughness wavelengths of 1 mm
will provide dynamic excitation at 1,000 Hz. Should the rolling velocity be
increased to 2 m/s, wavelengths of 2 mm will provide dynamic excitation at
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this frequency. The dynamic receptance of the contacting bodies, however,
is unchanged. The change in the response level at this frequency depends
only on the change in the rolling speed and the change in the excitation level
provided by the surface roughness wavelengths of 1 and 2 mm. By comparing
the anticipated change in the response level caused by the unfiltered surface
profile spectrum with the actual measured change in the response level, con-
clusions can be drawn about the validity of the proposed excitation spectrum.
Clearly, there may be a number of reasons for the anticipated change in the
response level deviating from the measured change in the response level. The
focus here is to investigate if a physically realisable contact filter may explain
the deviations.

Given a measured surface profile spectrum Φr0r0 , then the equivalent dis-
placement spectrum Sdcdc providing dynamic excitation is given by Equa-
tion (3), which is repeated here:

Sdcdc(f) =
2π

v
Φr0r0

(

2πf

v

)

. (7)

Consequently, the change ∆Sdcdc in excitation level when changing the rolling
velocity from v = v1 to v = v2 is given by

∆Sdcdc(f) = 10 · log

(

v1

v2

)

+ 10 · log





Φr0r0

(

2πf
v2

)

Φr0r0

(

2πf
v1

)



 . (8)

If the dynamic excitation is instead proportional to the filtered surface pro-
file spectrum, the above-stated relationship is not valid. Denote the, still
unknown, contact filter by |H(k)|2. The filtered surface profile PSD, pro-
viding dynamic excitation, is then Φr0r0(k) · |H(k)|2, and the corresponding
spectrum of displacement providing dynamic excitation is given by

Sdcdc(f)Filtered =
1

v
Φr0r0

(

2πf

v

) ∣

∣

∣

∣

H

(

2πf

v

)∣

∣

∣

∣

2

. (9)

The change in the response level when including the effect of contact
filtering is directly proportional to the change in Sdcdc(f)Filtered:

∆Sdcdc(f)Filtered = 10 · log

(

v1

v2

)

+10 log

(

Φr0r0(
2πf
v2

)

Φr0r0(
2πf
v1

)

)

+10 · log

(

|H(2πf
v2

)|2

|H(2πf
v1

)|2

)

(10)
Thus, the difference ∆Filter between the change in the response level when
accounting for a contact filter and the anticipated change in the response
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level using the unfiltered profile spectrum is

∆Filter = ∆Sdcdc(f)Filtered −∆Sdcdc(f) = 10 · log

(

|H(2πf
v2

)|2

|H(2πf
v1

)|2

)

(11)

Alternatively, we may compute the difference ∆Meas between the actual
measured change in the response level and the anticipated change in the
response level, considering the surface profile spectrum as the source of ex-
citation. By attributing this difference to the influence of a contact filter,
∆Meas is equal to ∆Filter, implying that

∆Meas = 10 · log

(

|H(2πf
v2

)|2

|H(2πf
v1

)|2

)

. (12)

The measured changes in the response level for the three beams are shown
as the dashed lines in Figures 13-15. The anticipated changes, using surface
profile spectra, are given by the solid lines in Figures 13-15. For each beam,
∆Meas is computed by taking the difference between the measured and the
anticipated change. The results for the three beams are shown in Figure 16.

By attributing the differences shown in Figure 16 to contact filters, Equa-
tion (12) can be used to estimate the filter. In theory it is always possible
to find a function |H(k)|2 that can be introduced in to Equation (12), and
which results in a good match with the measured quantities shown in Figure
16. In practise, however, the contact filter should be physically realisable.
For instance, the influence of contact filtering is expected to be small for low
frequencies, which corresponds to long surface wavelengths.

5.2.1 A test contact filter

There are two types of contact filters. First there is the type of filter pre-
viously discussed. That is to say – owing to the finite size of the contact
area – roughness wavelengths of the same size or smaller than the contact
area are suppressed, because of geometric space averaging within the contact
region. The second type is the geometrical contact filter, which is caused
by the finite radius of the ball. When this radius is greater than the radius
of curvature of the surface profile, the ball is unable to move all the way
down into the ”valleys” of the surface profile. Here, however, no distinction
between these two types of contact filters is made. Rather, the approach is
to use the results shown in Figure 16 to estimate the total effect of contact
filtering.

Long surface wavelengths will not experience appreciable contact filtering.
The length of the surface wavelength is evaluated by comparing it to a typical
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Figure 16: ∆Meas: Difference between measured and anticipated change in
the acceleration, using surface profile spectra, when increasing rolling velocity
from 1 to 3 m/s.

dimension of the contact region, for instance the width of the corresponding
smooth contact. Consider, for example, the case studied here. A typical
dimension of the contact region is obtained by considering the corresponding
contact between smooth surfaces: that is, consider a smooth steel ball, with
a radius of 20 mm, in contact with a smooth plane that also is made of
steel. For a spherical body (with radius R) in contact with a plane surface,
the contact width is given by the Hertz relation [10]. If the materials of
the two bodies are both homogeneous and isotropic with the same modulus
of elasticity E and Poissons ratio ν, the contact width is twice the contact
radius bc, which is given as:

bc =

(

3

2

1− ν2

E
RP

)1/3

, (13)

where P is the static load applied to the contacting bodies. For the specific
case considered here, the contact width is 0.072 mm, assuming that the load
is given by the mass of the ball. Surface wavelengths much longer than this
will not experience any contact filtering. If the ball rolls over the beam with
a rolling velocity of 1 m/s, the contact width corresponds to a surface profile
wavelength that provides dynamic excitation at 13.9 kHz. This frequency
is directly linearly proportional to the rolling velocity. Thus, for a a rolling
velocity 1 m/s, the dynamic excitation at 1 kHz is provided by surface profile
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wavelengths of more than 10 times the length of the contact area. The effect
of contact filtering is believed to be negligible for such long wavelengths.

The physical interpretation of ∆Filter in Equation (11) is that it gives the
difference in contact filter level for two wavelengths. For example, consider
∆Filter, evaluated at 1 kHz for v2 = 3 m/s and v1 = 1 m/s. This quantity
corresponds to the difference in contact filter level for the wavelengths 3 and
1 mm. Since both of these wavelength are much longer than the width of
the contact area, the contact filter effect is negligible for both wavelengths.
Consequently, the difference ∆Filter, evaluated at 1 kHz is also small.

The possibility of attributing ∆Filter to contact filtering was suggested
in the previous section: that is; assuming that ∆Meas = ∆Filter. The quan-
tity ∆Meas was computed for all three beams; see Figure 16. However, as
discussed above, this quantity should be very small for low frequencies, but
the trend in Figure 16 is actually the opposite. This is a clear indication
that the deviations between measured and anticipated increase increases in
the response level, considering the surface profile spectrum as the source of
excitation, not can be attributed to contact filtering for low frequencies. Ev-
idently, the physical mechanisms providing an increase in response level as
the rolling velocity increases are not taken into account for low frequencies.

It may nevertheless be that the deviations for higher frequencies are a
result of a contact filter. An analytical approximate expression, for example,
applied to wheel-rail contacts, for a filter is given by [11].

|H(k)|2 =
1

1 + (kbc)3

4/π

, (14)

where bc is the radius of the contact area brought about by the contact
between two smooth surfaces of the same global dimensions.

This filter approximates the contact filter owing to a railway-wheel rolling
contact, and it is not expected to accurately describe the contact-interaction
mechanisms investigated here. As a matter of fact, the approximate expres-
sion (14) was applied to the specific case considered here. This expression
overestimated the quantity ∆Meas for the three beams.

By changing the exponent of kbc in (14), this filter may be altered so
that the measured differences ∆M-P, shown in Figure 16, are approximated.
As previously discussed, however, no attempt is made to find a filter that
approximates the measured quantity for low frequencies that correspond to
long surface wavelength.

The following filter is evaluated:

|H(k)|2test =
1

1 + (kbc)3/2

4/π

, (15)
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The resulting measured and computed quantities are shown in Figure 17.
The corresponding filter – scaled to frequency for v = 1 m/s – is shown in
Figure 18. Note the large discrepancy between predicted and measured ∆M-P

for low frequencies. The discrepancy is a consequence of that mentioned in
the previous discussion.

Since other contact interaction mechanisms may influence the response,
it is not clear whether the proposed contact filters will result in an improved
prediction of the dynamic response. This should be verified by comparing
predicted and measured response levels with and without applying a contact
filter. This is done in the next section.

It is concluded that a physically realisable contact filter does not account
for the differences in the low-frequency region. Consequently the excitation
in this region is also governed by mechanisms not accounted for in the present
model. It may be that increasing the rolling velocity results in loss of contact
between the beam and the ball, thus accompanied by successive impacts.
It is possible to find a filter that approximately accounts for the increase
in the response level for beam C above 2 kHz. At the time of the test,
however, it was already noted the sound produced during the rolling has
the characteristics of successive impacts. It is therefore not convincing to
attribute the increase in the response level to a filtered profile displacement
spectrum, as the rolling velocity increases. This discussion and investigation
gives an indication of the applicability and the limitations of the linear model.
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Figure 17: ∆Filter computed using |H(k)|2test and measured ∆Meas for the three
beams.
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Figure 18: Test contact filter |H(k)|2test as a function of frequency for rolling
velocity v = 1 m/s.

6 Response computation

In [4] it is reported that a steel beam – with the same dimensions as the
beams used here – mounted in the test-rig can be modelled as an Euler-
Bernoulli beam up to 5 kHz. Thus, a prediction of the dynamic response is
made up to this frequency, using an Euler-Bernoulli model for the beam. The
computation is carried out in a way similar to what was done in [4]. The
difference between that computation and the approach taken here is that
the surface roughness excitation term is generated using the surface profile
spectra. In [4], the response was predicted using the blocked-force spectrum.
The advantage of the previously validated approach is that contact filtering
is automatically taken into account by the contact-computation procedure.
The disadvantage is that the previously applied approach is time-consuming,
with respect to surface topography measurements and computational time.

Since the dynamic responses of beams A and B are similar, a prediction
of the response is made for beams A and C. A prediction of the response
is made for the rolling velocity 1 m/s, with and without correcting for the
surface profile filter that was estimated in the previous section, and is shown
in Figure 18. The results are shown in Figures 19 and 20.

The prediction of the dynamic response for beam A is improved by ap-
plying the contact filter. However, the prediction is not that accurate below
1,500 Hz. Furthermore, the prediction is not improved by applying the con-
tact filter in this frequency region. In theory, it is possible to find a contact

23



filter that improves the prediction for low frequencies. Such a filter, however,
does not comply with physical intuition. For low frequencies, corresponding
to long surface profile wavelengths, contact filtering is very small.

The prediction for beam C overestimates the dynamic response without
the contact filter. No improvement of the prediction is obtained below 1,700
Hz when applying the contact filter. The appearant damping in the response
spectrum seems to be much lower in the case of the measured response.
This may indicate a different contact-interaction mechanism than is assumed
in the contact-interaction model. The model is based on the assumption
of continuous contact, with a constant contact damping term. During the
rolling measurements, however, the sound perceived, using beam C, had the
characteristics of separate impacts, rather than a continuous contact. An
explanation for the seemingly lower damping may be that there is a non-
negligible amount of loss of contact.

It is interesting to note that as in [4], the prediction overestimates the
response between 500 and 1,500 Hz for beam A. The surface roughness level of
this beam is of the same order as the previously used beam. An explanation
for the prediction overestimating the response in [4] may be an inaccurate
application of the proposed prediction model, or that the surface topography
used did not represent the surface topography along the total length of the
beam. The same tendency, however, is seen here, using a different method of
predicting the response. The two methods have in common that they assume
the excitation to be stationary, and that it is caused by continuous rolling
contact. Furthermore, it is assumed that contact interaction can be described
by a linear model. An explanation is that some of these assumptions are not
fulfilled.
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Figure 19: Predicted and measured acceleration PSD level for beam A and
rolling velocity 1 m/s.
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Figure 20: Predicted and measured acceleration PSD level for beam C and
rolling velocity 1 m/s.
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7 Conclusions

The developed test rig provides a possibility to investigate the dynamic re-
sponse caused by the rolling contact of different surface topographies. The
linear relationship between the surface profile spectrum level and the dy-
namic response is assessed. It is experimentally shown that the change in
the response level is directly related to the change in the surface profile spec-
trum level if the surfaces are not too rough. It is anticipated that the linear
relationship between surface roughness spectrum and dynamic response will
break down for surfaces that are excessively rough. This is experimentally
demonstrated. Moreover, the higher the rolling velocity is, the greater is
the risk of loss of contact. This will be accompanied by successive impacts,
rather than a continuous rolling contact. It is anticipated that this will result
in an additional increase in the response level, primarily in the low frequency
region, which the linear model cannot account for. This is confirmed by the
experimental results. The possibility of attributing this effect to a contact
filter is investigated, and it is shown that a physically realisable filter cannot
account for the low frequency behaviour.

The possibilities and limitations of using the test rig for further studies
have been investigated. This gives rise to a number of questions regarding
the excitation process. A topic for further research is to assess the onset of
non-linear effects, such as loss of contact.
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