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The tuned mass disc damper (TMDD) can be applied to avoid
chatter of machine tools. The effectiveness of the TMDD
depends mostly on the tuning accuracy of the natural frequency.
In this paper, three finite element models are presented to
simulate the vibrations of the TMDDs. The simulated natural
frequencies are compared with measured results. The third
model solves the problems of the first and the second model and
can predict the natural frequencies of the TMDDs with an
acceptable error.
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1 INTRODUCTION

Chatter is a major problem in machining with machine tools
[Taylor 1906]. It limits the productivity and harms the product
quality [Munoa 2016]. Many engineers and researchers are
committed to find different chatter suppression methods, such
as optimization of the machine tool structure, process
parameter tuning, spindle speed variation, active damping
techniques and passive damping techniques. The passive
damping techniques are widely used because they are cost-
effective and robust, the tuned mass damper (TMD) is one of
them [Brecher 2017] [Munoa 2016]. Frahm has proposed the
original idea of the TMD [Frahm 1911]. The TMD was first applied
as a chatter suppression method by Hahn [Hahn 1951]. One
natural frequency of the TMD must be tuned accurately to match
the critical natural frequency of the machining system. There are
two major drawbacks of the TMD. At first, the effectiveness of
the TMD is influenced strongly by the accuracy of the frequency
tuning. Furthermore, the damping effect of the TMD is mostly
realized by using the viscous materials, which are very sensitive
to the external temperature and degrade over time [Li 2017]
[Friend 2000]. Alternatively, the particle damper (PD) dissipates
vibration energy by the collision and the friction between the
particles and the hosting enclosure, hence it is independent of
the environmental temperature and very durable [Friend 2000]
[Meyer 2020]. However the PD generates lower damping effect
than the TMD at the same vibration level [Li 2017]. In order to
avoid the drawbacks of the TMD and the PD, a few researchers
have explored the tuned mass particle damper (TMPD), which
combines the merits of the TMD and the PD [Li 2017] [Liu 2020]
[Lu 2020].

The tuned mass disc damper (TMDD) was proposed in the paper
[Brecher 2020], which also combines the principles of the TMD
and the PD. Fig. 1 shows the design of the TMDD. It is attached
to the primary structure through the magnetic foot with a M6
threaded hole, a M6 screw connects to the magnetic foot and
works as a cantilever beam. The identical metal discs are
installed on the M6 screw, the axial positions of the metal discs

along the M6 screw are adjusted by changing the number of the
front and back washers. The washers are not pulled together by
force, thus the clearances between the screw, the washers and
the metal discs are maintained after assembling the TMDD.
These clearances are important for the damping effect of the
TMDD, which is generated by the collision and the friction
between the metal discs and the M6 screw, and it will be strongly
amplified in case of an accurate frequency tuning. The natural
frequency of the TMDD depends on the total mass and the axial
positions of the metal discs. [Brecher 2020]

As shownin Fig. 1, the total mass of the metal discs of the TMDDs
used in this paper is 600 [g], the thickness of one washer is 1.5
[mm], and the M6x170 screws are used for the TMDDs. The
screw mainly contributes to the stiffness of the TMDD, whereas
the metal discs and the washers decides the vibration mass and
its position.
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Figure 1. Structure of the TMDD

The frequency response functions (FRF) of the TMDDs are
measured and the natural frequencies are extracted from the
FRFs [Brecher 2020]. The authors haven’t considered the
vibration amplitudes of the TMDDs at their natural frequencies
due to two facts. First of all, the amplitudes depend on the
damping effects of the TMDDs. The damping effects are strongly
influenced by the montage process. This means the vibration
amplitude of a TMDD is not reproducible after different montage
processes. Additionally, an accurate frequency tuning is much
more important than the damping effect of a single TMDD.
Because of the importance of the frequency tuning for the
TMDD, it will be very meaningful to develop a simulation model
for predicting the natural frequency. The required positions of
the metal discs for the different target frequencies can be
predicted by utilizing a plausible simulation model, which can be
parameterized with only few measurements. It can save the
development time.

This paper is organized as follows: Following this introduction
section, section 2 shows the measurements of the TMDDs.
Subsequently, three finite element models are presented to
predict the natural frequencies of the TMDDs in section 3. The
simulated natural frequencies are compared with measured
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results. Conclusions and outlooks are provided in the last
section.

2 MEASUREMENT

53 TMDDs are measured in this paper. The TMDDs are identical
except the number of the front washers and the number of the
back washers. The number of the front washers increases from
1 to 53, while the number of the back washers decreases from
53 to 1. The measurement setup is shown in Fig. 2. The natural
frequencies of the TMDDs are measured with the impact
hammer tests. An impact hammer excites the structure at the
red marked impact point in y direction, and the TMDD vibrates
mainly in y direction. Because the washers are not pulled
together by force, the washers and discs can move freely in the
YZ plane during the measurements. The acceleration signals of
the y direction are measured at the free end of the TMDDs. The
mass of the acceleration sensor is 9 [g] and is only 1.5% of the
total mass of the metal discs, hence its influence on the
measurement is neglected, and it is not considered in the
simulation models in the next section.

impact point

Figure 2. Measurement setup

The measurement results are shown in Fig. 3. Generally, the
natural frequency of the TMDD decreases with the increase of
the total thickness of the front washers. Three simulation
models of the TMDDs will be presented in the next section.
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Figure 3. Results of the impact hammer tests

3 FINITE ELEMENT MODELS OF THE TMDD

The TMDD has many washers and metal discs, thus it is very time
consuming to simulate all of them in detail. The washers shown
in Fig. 1 only prevent the motions of the metal discs along the
screw and they have negligible influence on the vibration of the

TMDD. On account of that they will not be included in the
simulation models. The metal discs are the vibration mass of the
TMDD, the abstraction of them has a dominant influence on the
simulation results.

The aim of this section is to find a simulation model, which can
predict the natural frequencies of the TMDDs. The average
difference between the simulated and the measured natural
frequencies should be smaller than 3 [Hz]. This tolerance range
is defined based on two arguments. At first, the natural
frequency of one TMDD can vary in an interval with a bandwidth
about 3 [Hz] because of the influence of the montage. On
account of that a tighter tolerance range is not necessary.
Additionally, multiple TMDDs are used simultaneously in most
cases, thus the frequency tuning error of the single TMDD can be
compensated by each other. In this section, three simulation
models are presented. All the models are created with the
software abaqus. The screw is considered as a beam with the
diameter 6 [mm], and the connection between the screw and
the magnet is considered as rigid. The best prediction results can
be provided by the third model, which solves the problems of
the first and the second models.

3.1 Metal discs considered as distributed mass along the
screw

In this subsection, the metal discs are considered as local
distributed mass along the corresponding part of the screw.
The Young's modulus 210 [GPa] and Poisson's ratio 0.3 are
assigned to the entire model. As shown in Fig. 4, the model is
divided into two regions marked with two different colors. Two
different densities are applied for them. The standard density
7.9 [g/cm3] of the steel is assigned to the blue marked region.
Because the metal discs are attached to the red marked region
of the screw, an equivalent density 333 [g/cm?3] is applied for this
region, so that the simulation model and the real TMDD have
identical mass.

Consider the metal discs as distributed mass

Total thickness of the front washers

Figure 4. Metal discs considered as distributed mass

The 53 TMDDs mentioned in the second section are simulated.
As shown in Fig. 5, the first vibration mode of the model is the
first bending mode of the screw, its natural frequency
corresponds to the measured natural frequency using the
impact hammer method. The simulation results are shown in
Fig. 6, the simulated natural frequencies are higher than the
measured results. As shown in Fig. 7, the maximum difference
between the simulations and the measurements 32 [Hz] occurs
with the total thickness of the front washers 3 [mm] and the
average difference is 12.5[Hz]. Generally, the difference
decreases with the increase of the total thickness of the front
washers.

The average difference 12.5 [Hz] is not in the tolerance range
3 [Hz], therefore the accuracy of this simulation model is not
enough. The center of mass of the simulation model lies on the
axis of the M6 screw, whereas the center of mass of the real
TMDD is not on this axis due to the space between the metal
discs and the screw. It can be the reason for the differences
between the simulations and the measurements. Based on this
assumption, another model will be explored in the next
subsection.
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Figure 5. First vibration mode
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Figure 6. Simulation results considering the metal discs as distributed
mass
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Figure 7. Differences between the simulations and the measurements

3.2 Metal discs considered as a single cylinder consisting of
an isotropic material

In this subsection, the metal discs are abstracted as a single
cylinder, which consists of an isotropic material. As show in
Fig. 8, this model takes into account the space between the
metal discs and the screw. The model is divided into two regions.
The interface between these two regions is simulated as a
surface to surface contact. The Young's modulus 210 [GPa] is
assigned to the blue marked region, the density 7.9 [g/cm3] and
the Poisson's ratio 0.3 are assigned to the whole model. The
challenge is how to choose the Young's modulus for the red
marked cylinder. At first, the standard Young's modulus
210 [GPa] of the steel is used for the cylinder.

space

Figure 8. Metal discs considered as a single cylinder

Same as in the last subsection, 53 TMDDs are simulated. The
first vibration mode of the model is shown in Fig. 9, it is the first
bending mode of the screw. The natural frequency of this mode
corresponds to the measured natural frequency in section 2. As
shown in Fig. 10 and 11, the maximum difference between the
simulations and the measurements 60.5 [Hz] occurs with the
total thickness of the front washers 1.5 [mm], the average
difference is 12.8 [Hz]. When the total thickness of the front
washers exceeds 50 [mm], the model can predict the natural
frequencies of the TMMDs with an average difference smaller
than 3 [Hz]. Otherwise, the simulated natural frequencies are
much higher than the measured results. An assumption can

explain this phenomenon. The metal discs can actually have
relative motions between each other, in contrast the relative
motions in the model are restricted by abstracting the metal
discs as a single cylinder with the Young's modulus 210 [GPa].
This restriction has increased the stiffness of the model, thus the
simulated natural frequencies are higher than the measured
results.

Figure 9. First vibration mode
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Figure 10. Metal discs considered as a single cylinder with an isotropic
material (Young's modulus 210 [MPa])
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Figure 11. Differences between the simulations and the measurements

Based on the aforementioned assumption, the Young's modulus
should be as small as possible. However there is a limit, if the
Young's modulus of the cylinder is too small, the first vibration
mode of the model is not the first bending mode of the screw,
rather the vibration mode of the cylinder as shown in Fig. 12. At
this mode, the screw has negligible deformation, whereas the
elements of the cylinder deform dramatically due to the very
small Young's modulus. It results a problem for the mapping
between the simulations and the measurements.

Undeformed
state

Deformed
state

Figure 12. First vibration mode

After several try and error processes, the minimum value of the
Young's modulus turns out to be 11 [MPa]. As shown in Fig. 13
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and 14, the maximum difference between the simulations and
the measurements 10 [Hz] occurs with the total thickness of the
front washers 12 [mm], the average difference is 3.2 [Hz]. The
differences between the simulations and the measurements
become smaller with the Young's modulus 11 [MPa] than with
210 [GPa]. Additionally, this average difference 3.2 [Hz] is much
smaller than the average difference 12.5[Hz] in the last
subsection. However it is still not in the tolerance range 3 [Hz].
Two assumptions have been proved in this subsection. At first,
the model in this subsection is more accurate than the model in
the last subsection, because the space between the metal discs
and the screw has been simulated correctly. Furthermore, the
model in this subsection with a smaller Young's modulus can
provide better simulation results. However the Young's modulus
can not be smaller than 11 [MPa] for this model. The possible
solution for this problem is using an orthotropic material
definition for the cylinder. The model with the orthotropic
material definition will be discussed in the next subsection.
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Figure 13. Metal discs considered as a single cylinder with an isotropic
material (Young's modulus 11 [MPa])
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Figure 14. Differences between the simulations and the measurements

3.3 Metal discs considered as a single cylinder consisting of
an orthotropic material

In this subsection, the metal discs are considered as a single
cylinder consisting of an orthotropic material. This concept is
inspired by the results of the last subsection.

The governing equation of the orthotropic material is
r 1 —Viz  ~Vi3

— 0 0 0]

E, E, Es
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The € and the o are the strain and the stress. The elastic
properties are completely defined by giving the Young's modulus

E, the shear modulus G and the Poisson's ratio v. 9 parameters
should be defined to govern the material deformation. [Staab
2015]

The metal discs can be simulated more detailed using the
orthotropic material than using the isotropic material. Thereby
the limitation of the isotropic material can be eliminated. The
parametrization bases on the 3 measurements (M1, M27 and
M53) as shown in Fig. 3, the obtained parameters are listed in
Tab. 1. Fig. 15 shows the orientations used for the material
definition.

Parameter Value Unit
> MPal]
: L]
> IMPal]
50 [MPa]
10 [MPa]
10 [MPa]
0 [

0 [
V23 0 []

Table 1. Used parameters for the orthotropic material

i

Figure 15. Orientations for the definition of the material

Same as in the last two subsections, the simulations are carried
out for the 53 TMDDs. The first vibration mode of the model is
shown in Fig. 9, it is the first bending mode of the screw. The
natural frequency of this mode corresponds to the measured
natural frequency in section 2. As shown in Fig. 15 and 16, the
maximum difference between the simulations and the
measurements 5.7 [Hz] occurs with the total thickness of the
front washers 12 [mm)], the average difference is 1.8 [Hz]. This
model is parameterized with only 3 measurements and provides
better simulation results than the other two models, and the
average difference 1.8 [Hz] lies in the tolerance range 3 [Hz],
which means the problems of the last two models have been
solved.
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Figure 16. Metal discs considered as a single cylinder with anisotropic
material
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Figure 17. Differences between the simulations and the measurements
3.4 The applicability of the third model

The third simulation model proposed in the last subsection can
predict the natural frequencies of the TMDDs with 600 [g]
vibration mass. The applicability of the model for the TMDDs
with different vibration mass is proved in this subsection. Firstly,
the natural frequencies of the three TMDDs shown in Fig. 18 are
measured with the same measurement setup as demonstrated
in Fig. 2. The simulation model is subsequently built as proposed
in the last subsection. The material of the metal discs is
parameterized based on the measurement M5.

The differences between the simulated and the measured
natural frequencies (M4 2.8 [Hz], M5 0.6 [Hz], M6 1.0 [Hz]) are
in the tolerance range 3 [Hz], which means the model proposed
in the last subsction is applicable for the TMDDs with different
vibration mass.

B simulations
measurements
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Figure 18. TMDDs with 300 [g] vibration mass

4 CONCLUSIONS

Three finite element models of the TMDD are presented in this
paper. The first model considers the metal discs as distributed
mass along the screw. The simulated natural frequencies using
this model are higher than the measured results, which lies in
the incorrect modelling of the center of mass. The second model
abstracts the metal discs as a single cylinder consisting of an
isotropic material. This model considers the center of mass
correctly and provides a better result than the first model.
However this model increase the stiffness of the model
artificially, therefore the simulated results are still higher than
the measured results. This effect can be partially compensate by
choosing one small Young's modulus for the single cylinder,
however the Young's modulus can not be arbitrarily small due to
the mapping problem between the simulations and the
measurements. The third model considers the metal discs as a
single cylinder consisting of an orthotropic material. The
problems in the first and the second models have been solved in
the third model. Therefore the third model can provide the best
simulation results among these three models. The average
difference between the simulated and the measured natural

frequencies is 1.8 [Hz], which lies in the tolerance range 3 [Hz].
Furthermore, the third model is applicable for the TMDDs with
different vibration mass.

The natural frequencies of the TMDDs with the metal discs at the
different positions can be predicted by the third finite element
model, which can be parameterized with only few
measurements and avoids the detailed simulation of the metal
discs by abstracting them as a cylinder consisting of an
orthotropic material. This model can accelerate the
development process. In the future, multiple TMDDs will be
applied during one portal milling process to validate their
effectiveness.
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