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Abstract 

By means of additive manufacturing, especially laser powder bed fusion, particle dampers can be integrated 

locally into structural components and thus significantly reduce component vibrations. However, detailed 

design recommendations for additively manufactured particle dampers do not yet exist. The research 

question in this paper is: How can the effect of particle damping be described as a function of excitation 

force, cavity width and cavity length? For beams made of AlSi10Mg, it is shown that a powder-filled cavity 

of 2.5% to 5% is sufficient to increase the damping by more than x10. 

Keywords: additive manufacturing, design guidelines, lightweight design, functional integration, 
particle damping 

1. Introduction 
Additive manufacturing is characterised by a high degree of design freedom (Yang et al., 2015; Lachmayer 

et al., 2017). For product design, this results in a number of advantages, such as the production of 

components with a high degree of complexity or the possibility to realise components with a high degree of 

functional integration (Yang et al., 2015; Ehlers et al., 2020). Additive manufacturing is already being used 

profitably for topology-optimised and flow-optimised components in particular, as numerous methods and 

tools are available for design (Reiher, 2019; Wiberg et al., 2019; Kumke, 2018). However, the potential of 

additive manufacturing has not yet been exhausted for dynamically highly loaded components (Ehlers et 

al., 2021; Scott-Emuakpor et al., 2018). 

As a result of increased sustainability requirements, which are more and more being tightened by politics, 

lightweight design plays a decisive role (Wurst et al., 2022; Lachmayer and Lippert, 2020). However, 

components designed for lightweight construction are increasingly prone to component vibrations, which 

have to be reduced by elaborate measures (Hanselka, 2001). In order to reduce vibrations, additional mass 

must often be added to the system, which is in contradiction to lightweight design. 

Particle dampers are a simple and effective measure for reducing vibrations in the field of lightweight 

design (Lu et al., 2017; Scott-Emuakpor et al., 2021). Using additive manufacturing, especially powder 

bed-based processes such as laser powder bed fusion (LPBF), particle-filled cavities can be integrated 

into the component in one manufacturing step, thus addressing the effect of particle damping (Künneke 

and Zimmer, 2017; Ehlers and Lachmayer, 2020). This makes it possible to reduce component vibrations 

by more than a factor of 20 in some cases (Schmitz et al., 2020; Ehlers et al., 2021; Ehlers and 

Lachmayer, 2022; Scott-Emuakpor et al., 2019). Furthermore, it is possible to solve the conflict between 

high stiffness and high damping at the same time, since the powder-filled cavities can be integrated in 

the area of the neutral fibre (Ehlers and Lachmayer, 2021). Sometimes it is also referred to as "damping 

for free", since the integration of the particle damper hardly increases the mass or the costs of 

components that are additively manufactured anyway (Ehlers et al., 2021). In addition, the cavities 

should be integrated in the area of highest deflection in order to maximise the damping (Lu et al., 2017; 
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Hollkamp and Gordon, 1998). It turns out that areas of high deflection and high stresses are often locally 

separated from each other, so that the integration of a particle-filled cavity has little influence on the 

component strength. For example, for a cantilever beam for the first vibration mode, the maximum 

amplitudes occur at the free end and the highest stresses occur in the clamping. This shows that a 

separate design for strength and damping can be pursued. Figure 1 shows an exemplary manufacturing 

process of laser beam melted particle dampers using the example of a damped gear wheel. 

 
Figure 1. Laser powder bed fusion of a particle damped gear (Ehlers et al., 2021) 

The effect of particle damping is not yet fully understood due to numerous design parameters and the 

high non-linearities. The relevant design parameters include, for example, the excitation force, 

excitation frequency, particle mass, packing density, dimensions of the cavities, etc. For example, a 

cylindrical cavity results in more broadband damping than a cuboid cavity, for the same cavity size. 

(Künneke and Zimmer, 2021). For this reason, there are still no design tools and only isolated 

methodological approaches for the design of additively manufactured particle dampers. Up to now, it 

is known that the energy in the system when using particle dampers is dissipated via combined loss 

mechanisms from impacts and friction between the particles themselves and with the walls of the 

cavity. A schematic representation is shown in Figure 2. 

 
Figure 2. Schematic diagram of an additive manufactured particle damper (Ehlers and 

Lachmayer, 2022) 

The main advantages of particle dampers include broadband damping under harsh environmental conditions 

ranging from heavy contamination to extreme operating temperatures, low wear and, as a result, increased 

component service life (Lu et al., 2017; Papalou and Masri, 1996; Saeki, 2005). 

Current research approaches in the field of additive manufacturing focus on describing the effect of particle 

damping on test specimens in order to derive corresponding design rules on this basis (Künneke and Zimmer, 

2021; Ehlers et al., 2021; Scott-Emuakpor et al., 2019; Schmitz et al., 2020). However, these design rules are 

underpinned by too few studies and in some cases no detailed design curves can be derived for the 

investigated parameters because too few support points have been used. 

z

Laser

Coater

Powder delivery

system

x-y Scanner

solidification

zone

support 

structure

overflow

container

build

platform

retractable

table

Component

x(t)

µW 

µP 0 < e < 1

CavityVibrating structure Particles

Friction Impact

https://doi.org/10.1017/pds.2022.247 Published online by Cambridge University Press

https://doi.org/10.1017/pds.2022.247


 
ENGINEERING DESIGN PRACTICE 2445 

The aim of this paper is to derive detailed conclusions on particle damping as a function of the excitation 

force, the cavity height and the cavity length. Compared to previous work from the state of the art, 

significantly more support points (six support points) are investigated for the cavity geometry. This 

number of support points is intended to better capture the non-linear influence. For the characterisation 

of the damping effect, beams made of the aluminium alloy AlSi10Mg are selected as test geometry and 

excited to vibrate from 10 N to 100 N by means of an automated impulse hammer. The focus of the 

evaluation is on the first beam bending mode. As a result of this paper, design curves for damping as a 

function of excitation force, cavity length and cavity height are available. From the design curves it can 

be derived at which cavity length or cavity volume a saturation of the damping occurs and a further 

enlargement of the cavity does not provide a significant added value to increase the damping. 

2. Experimental methodology 
In the following, the methodical procedure for characterising the effect of particle dampers is presented 

and builds on the preliminary work from (Ehlers et al., 2021; Ehlers and Lachmayer, 2022). A design of 

experiments (DoE) is selected as the methodological procedure, as the simulative design is challenging 

due to the high degree of non-linearities. The design space is exploratively investigated on cuboid beams 

with dimensions of 20 x 20 x 200 mm³. These external dimensions determine the natural frequency to a 

large extent, which has a strong influence on the effect of particle damping. These dimensions should not 

be varied in order to minimise the experimental effort, so that the results presented here only apply to a 

narrow frequency range. However, on this basis, detailed statements can be made about the damping 

curve over the cavity height and cavity length and a standard 3k test plan can be selected in further work. 

For the 3k test plan, the damping curve determined here can be used for interpolation between the support 

points, thus minimising the test effort. The particle-filled cavity of the beams is designed as a cuboid and 

manufactured horizontally so that support structures in the cavity can be dispensed with (see Figure 3). 

 
Figure 3. Schematic representation of a particle filled beam on the building platform (Ehlers 

and Lachmayer, 2022) 

For the characterisation of the particle damper effect, both the influences of the cavity height and the 

cavity length are characterised by six support points. The cavity height is analysed from 0 %to 25 % in 

5 % steps and the cavity length in the interval [0 %, 2.5 %, 5 %, 10 %, 15 %, 20 %]. All cavity 

geometries have in common that they are positioned centrally in the beam. In addition to the geometric 

parameters, the excitation force from 10 N to 100 N in steps of 10 N and the influence of anistotropy 

are also investigated in the test. The influence of anisotropy is analysed by exciting the beams to 

vibrate in the y and z directions. 

For the clear assignment and orientation of the beams during the test, the beam number and a coordinate 

system are printed on the front surfaces of all beams. The following notation is used: 

x-direction: Coater travel path 

y-direction: Perpendicular to coater travel path 

z-direction: Build direction 
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Previous experiments with beams made of AlSi10Mg have shown that the standard deviation of the damping 

of 3 printed beams of the same topology is low (Ehlers et al., 2021), so that only one beam per parameter is 

produced in the following. 

The beams were produced in 5 batches, although not all batches are considered in this paper. It should 

be noted here that not all parameters are numbered consistently, as not all printed beams are analysed 

in this paper. However, with regard to research data management and comparison with other works, 

this numbering leads to a clear and consistent allocation. The final test plan is shown in Table 1. 

Table 1. Test plan 

Parameter Batch 

outer beam  

dimensions in mm 

Cavity dimensions 

in mm 
Cavity  

 in % 
Length Height Width Width  Height Length 

1 1 200 20 20 Full material 

22 4 200 20 20 10 7.5 160 15 

23 4 200 20 20 10 5 160 10 

24 4 200 20 20 10 2.5 160 5 

25 4 200 20 20 10 10 160 20 

26 4 200 20 20 10 12.5 160 25 

27 5 200 20 20 10 10 160 20 

28 5 200 20 20 10 10 120 15 

29 5 200 20 20 10 10 80 10 

30 5 200 20 20 10 10 40 5 

31 5 200 20 20 10 10 20 2.5 

2.1. Machine and process parameter 

The beams are made of the aluminium alloy AlSi10Mg, as this alloy has a high performance index and 

is therefore suitable as a lightweight material. According to Ashby, the performance index indicates 

the ratio of component stiffness to component mass (Ashby and Cebon, 1993). The EOS M280 LPBF 

system with the standard parameters for the AlSi10Mg alloy is used as the production system. These 

include above all the layer thickness of 30 μm. The average grain size D50 of the powders was 47 μm 

for the aluminium alloy. The aluminium alloy supports are removed from the build platform with a 

saw. The support structures of the aluminium components could be broken off and no subsequent heat 

treatment is applied to the beams. Subsequently, all components were sandblasted. In addition, the 

mass of all beams was measured in order to draw conclusions about the particulate mass. 

2.2. Experimental setup 

The laboratory setup for characterising the damping is shown in Figure 4. The beams, supported on 

foam, are excited to vibrate by an automated pulse hammer (5800SL by Dytran) and the response signal 

is measured by an accelerometer (M353B17 by PCB Piezotronics). The VibRunner by m+p international 

is used as the data acquisition device, which records the time data and calculates the frequency response 

functions (FRF). This type of experimental setup is preferred because there is no parasitic friction in the 

clamping point of the beam, as would be the case, for example, with excitation using a shaker. In 

addition, the automation of the impulse hammer allows a high degree of reproducibility to be achieved, 

which could not be achieved by hand. The beams are then excited to vibrate from two sides in order to 

characterise the influence of the production-related anisotropy. This is particularly essential for 

characterising the damping in the case of non-square cross-sections of the cavity, as is the case when 

varying the cavity height. A positive side effect is that the influence of the cavity width is quantified and 

no new beams need to be fabricated. 

In order to be able to characterise the influence of the excitation force, the beams are excited to vibrate 

from 10 N to 100 N in 10 N steps and the damping in the frequency range is evaluated using the 

circle-fit method. Corresponding calculation principles for the circle-fit method can be found in 
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(Ewins, 2000). Furthermore, it has already been shown in Ehlers et al. that this test setup including the 

evaluation method can be successfully used to characterise the effect of particle damping (Ehlers et 

al., 2021). 

 
Figure 4. Test setup for the characterization of particle damping (Ehlers et al., 2021) 

3. Results 
To better interpret the results of the particle damper effect, the particle mass and packing density of the beams 

are first determined by measuring all beams with a scale. Then the particle mass can be calculated using 

equation 1. 

𝑚P,𝑥 =  𝑚𝑥 −  
𝑚0

𝑉0
 ×  𝑉𝑥   (1) 

The beam volumes Vx and V0 are determined from CAD and the masses mx and m0 of the printed 

beams are measured with a scale. The index 0 indicates that it is the fully-fused (solid) beam with the 

same external dimensions as the beam under investigation. Packing density ƞ can finally be 

determined by the ratio of densities ρ, see equation 2.  

𝜂𝑥 =
𝜌P,𝑥

𝜌0
   with   𝜌P,𝑥 =

𝑚P,𝑥

𝑉0− 𝑉𝑥
  (2) 

Here ρP,x represents the density of the particles in the cavity. Density of the particles is approximated 

to be equal to that of the fused material. In addition, manufacturing deviations lead to a difference 

between theoretical and real volume. Another influence may be the local porosity. Table 2 shows the 

results for beam mass, particle mass and packing density.  

Table 2. Beam mass mB, particle mass mP and packing density ƞ of the beams 

 Variation of cavity width Variation of cavity length 

Parameter 1 22 23 24 25 26 27 28 29 30 31 

Cavity 

size [%] 

1 15 10 5 20 25 20 15 10 5 2.5 

mB [g] 212.20 197.5 197.6 206.6 193.1 188.5 193.4 197.8 202.1 206.8 209 

mP [g] 0 17.1 6.6 5.0 23.3 29.4 23.6 17.4 11.1 5.2 2.06 

ƞ [%] 1 53.66 31.20 47.22 54.88 55.33 55.58 54.76 52.40 49.10 38.74 

3.1. Damping characteristics as a function of cavity height and excitation force 

The results of the particle damper effect as a function of cavity height and excitation force are presented 

below (parameter 1, 22-26). Due to the limitations of the accelerometer, only forces up to 100 N can be 

analysed. Figure 5 shows these results for an excitation in y-direction and Figure 6 for an excitation in z-

direction. The force-dependent curve is approximated for each cavity size by a separate hyperbolic 
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function, see also (Ehlers et al., 2021), where a cavity of 0 % denotes the fully-fused beam (parameter 

1). The individual force-dependent curves are linearly connected, resulting in a 3D plot. Figures 5 and 6 

show that the damping decreases with increasing excitation force and reaches a plateau at 100 N. This 

plateau is particularly relevant for the design, as the damping should rather be assumed too low than too 

high, so that the focus of the result description is placed on high forces. 

 
Figure 5. Damping characteristics as a function of the cavity height and the excitation force Fy 

 
Figure 6. Damping characteristics as a function of the cavity height and the excitation force Fz  
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Figure 5 shows that no significant increase in damping occurs above a cavity size of 10 %, where 

approximately 1 % damping is achieved. The mean value of the damping of the fully-fused beams in 

the y-direction is Dz = 0.053 % and in the z-direction Dy = 0.066 %. Thus, for a cavity size of 10 %, an 

excitation in the y-direction results in an increase in damping by a factor of 15. The mean value of the 

natural frequency of the fully-fused beams for an excitation in the y-direction is f0,y = 2640.0 Hz and 

for an excitation in the z-direction is f0,z = 2668.6 Hz. For the particle-damped beams, the natural 

frequency increases with increasing cavity volume up to 2714 Hz for a cavity size of 20 %. 

For excitation in the z-direction (Figure 6), there is a similar gain in damping (factor 14) for as little as 

5 % cavity volume. It becomes clear that the excitation direction (in y or z direction) seems to have a 

decisive influence with a ratio of cavity height to cavity width of 4:1. 

It is noticeable in this measurement campaign that the packing density from Table 2 is not constant for 

parameters 22 to 25. The packing density increases with increasing cavity volume, except for 

parameter 24. 

3.2. Damping characteristics as a function of cavity length and excitation force 

The results of the particle damper effect as a function of cavity length and excitation force are 

presented below (parameter 1, 27-31). Due to the limitations of the accelerometer, only forces up to 

100 N can be analysed here. Figure 7 shows these results for an excitation in the y-direction and 

Figure 8 for an excitation in the z-direction. The force-dependent curve is also approximated here for 

each cavity size by a separate hyperbolic function and the individual force-dependent curves are 

connected linearly. Figures 7 and 8 show that the damping decreases with increasing excitation force 

and reaches a plateau at 100 N. In the following, the focus is also placed on the description of the 

damping at high forces.  

In Figure 7, already for an excitation in y-direction from a cavity size of 2.5 %, approx. 75 % of the 

damping is realised, which is present for a cavity size of 15 % or 20 %. However, it is noticeable that 

the damping here is slightly lower than in Figures 5 and 6. Figure 8 differs from Figure 7 in that the 

damping at a cavity of 2.5 % is only half as high. 

 
Figure 7. Damping characteristics as a function of the cavity length and the excitation force Fy 
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Figure 8. Damping characteristics as a function of the cavity length and the excitation force Fz 

For Figures 7 and 8 it can be seen that no significant increase in damping occurs above a cavity size of 10 %, 

where approximately 1 % damping is achieved. For the particle-damped beams, the natural frequency also 

increases here with increasing cavity volume up to 2725 Hz at a cavity size of 20 %. 

It is noticeable that the packing density from Table 2 for parameters 22 to 25 increases with increasing cavity 

size. 

3.3. Reproducibility and error consideration 

The standard deviations of the damping curves, which are not shown in Figures 5 to 8 for clarity, are of the 

same order of magnitude. The values of the standard deviations increase from the small cavity to the large 

cavity. Furthermore, the values of the standard deviation vary by approx. 10 % in relation to the force-

dependent damping curves. Furthermore, it could be shown in preliminary work, in which three beams per 

parameter were manufactured, that the production-related deviations of the dampings lie between 10 % and 

15 % (Ehlers et al., 2021). 

Thus, it can be stated for this test setup that a relative error of 10 % to 15 % should be considered. This is 

particularly relevant for the robust design of additively manufactured particle dampers. 

4. Discussion 
This paper shows for the first time a detailed investigation of the effect of particle damping as a function of 

excitation force, anisotropy, cavity height and cavity length for a large number of support points. It has been 

shown that the plateau of the damping for high forces can be used to make detailed statements on the 

influence of cavity height and cavity length. It is noticeable that the damping no longer increases significantly 

above a cavity size of 10 % and that a cavity size of 2.5 % to 5 % can already be sufficient to reduce 

component vibrations by a factor of 10 to 15. 

Especially for small cavities of ≤ 5 %, the use of a smaller cavity length is preferable to a small cavity cross-

section for the same cavity volume due to the lower direction-dependent damping properties. When varying 

the cavity height, it is noticeable for small cavities (5 %) that the damping is strongly direction-dependent, 

since the cavity height is 4x smaller than the cavity width. It was noticed that the damping is worse in the y-

direction, although the dimension is larger in the y-direction. One explanation could be that the narrow cross-
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section in the direction of vibration causes the particles to interlock with the wall. In the other spatial direction 

(z), the cross-section in the direction of vibration is larger, so that the risk of the particles interlocking and the 

path being blocked is minimised. 

With the design recommendation that large cavity cross-sections and small cavity lengths should be used, 

however, it must be taken into account that only the first bending mode was evaluated in this test setup. At 

higher modes, the positions of the local maxima of the vibration response shift. Since the positioning of the 

cavities should always be in the area of the highest deflection, a continuous cavity with a smaller cavity height 

could prove to be more effective when damping more than one mode. Otherwise, several cavities with a small 

cavity length would have to be integrated. 

Another point that makes the transferability of the results difficult is that the damping values also depend on 

the excitation frequency, see (Ehlers et al., 2021). Accordingly, these values only apply to frequencies 

between 2500 Hz and 2800 Hz, where an error between 10 % and 15 % is to be expected. However, these 

findings can be used to minimise the experimental effort in further investigations by no longer having to use a 

large number of support points for the characterisation of the damping and by using a 3k experimental design 

with only three support points. Between the support points, the damping curve characterised here could be 

used for interpolation. Especially when varying the cavity length, it would be sufficient to produce and 

characterise only beams with a cavity of 5 % and 20 %. These detailed damping results could also be used to 

validate mechanical models. Although the component damping could be significantly increased, the influence 

on the component service life must also be investigated in further work, as the rough surface can be a crack 

indicator for dynamically loaded components. 

5. Conclusion 
The effect of particle damping could be characterised for beams made of AlSi10Mg with dimensions of 

20 x 20 x 200 mm³ as a function of the excitation force, cavity height, cavity length and anisotropy. The 

force-dependent damping could be investigated in steps of 10 N from 10 N to 100 N. The results show 

that a plateau occurs. It is shown that a plateau is reached from forces of 100 N and the course of the 

damping can be assumed to be constant at high forces. Particularly with large aspect ratios between the 

cavity width and the cavity height, direction-dependent properties in the damping could be determined. 

The damping was higher when the smaller dimension of the cross-section points in the direction of 

vibration. For a small cavity, an increase in damping of more than a factor of 10 could be demonstrated 

from 2.5 % to 5 % cavity volume. For smaller cavities, a small cavity length with a large cavity cross-

section is preferable for the same cavity volume. In further work, these results will be used to design a 

motorcycle triple clamp under the aspects of high stiffness and damping with low mass at the same time. 

Furthermore, the parameter fields presented here serve to validate mechanical substitute models. 
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