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1. Introduction

In the context of product development, lightweight design
is playing a key role as a result of increased sustainabil-
ity aspects [1]. However, the challenge arises that with in-
creasing lightweight design, the individual components become
more susceptible to vibrations [2]. Particularly in the case of
lightweight structures subject to vibration, the integration of ex-
ternal mass-loaded damping elements is an unsatisfactory op-
tion. In contrast, additive manufacturing offers the possibility
of producing lightweight structures with integrated damping el-
ements without additional mass (”Damping for Free”) [3, 4, 5].
Especially in laser powder bed-based processes, unmelted pow-
der can be incorporated into cavities during the manufacturing
process to produce an integrated particle damper, see Fig. 1
[6, 7, 8]. With these particle dampers, component vibrations
can be reduced by more than a factor of 20 [9, 10, 11]. By in-
tegrating the particle-filled cavities in the area of the neutral
fiber, the component strength is hardly affected so that the con-
flict of objectives between high stiffness and high damping can
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Fig. 1. Laser powder bed fusion of a particle damped component, acc. to [3].

be resolved [12]. Other advantages of particle dampers include
broadband damping, long service life, low maintenance, low
wear, temperature resistance, and simple and inexpensive im-
plementation [13, 14, 15].

Despite these advantages, the use of laser beam melted parti-
cle dampers is limited. One reason for this is the highly nonlin-
ear damping characteristics, which complicate component de-
sign, as a result of numerous design parameters [13]. The rel-
evant design parameters include, for example: Particle mass,
cavity shape and cavity dimension, etc. [13, 16, 17]. In addi-
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Recently, additive manufacturing has been used to integrate particle dampers into structural components, particularly by means of laser powder
bed fusion (LPBF), in order to significantly reduce component vibrations. The advantage over previous damping mechanisms is that these can
be functionally integrated directly into the component during the additive manufacturing process by leaving unmelted powder in the component.
This allows local damping effects to be adjusted and low-vibration lightweight structures to be developed and manufactured. In addition, the
damping properties act over a wide frequency range and are insensitive to temperature. Despite the positive damping properties, the use of laser
beam melted particle dampers is limited at the present time, since there are not yet sufficient design tools available due to the numerous non-linear
influences. This is where the current contribution comes in, by developing design guidelines for laser beam melted particle dampers. The results
were finally summarised in a design catalogue and support a suitable design of laser beam melted particle dampers.
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tion to the design parameters, the type and level of excitation
influence the effect of particle damping [3, 4, 17].

As a result of the high experimental and numerical effort,
only individual design parameters can be investigated in the re-
spective research work [3, 4, 5, 17, 18]. Thus, the knowledge
on laser beam melted particle dampers is decentralized and a
summary of the current knowledge on the design of laser beam
melted particle dampers is missing.

Within the scope of this work, the current state of knowledge
on the design of laser beam melted particle dampers is prepared
in the form of design guidelines. According to Pradel et al.
[19], design guidelines refer to context-dependent guidelines
that give direction to the design process in order to increase the
chance of a successful solution. Their validity is demonstrated
by empirical evidence and/or extensive experience. Compared
to design rules, design guidelines are more abstract and the
cause-effect relationship is less well understood.

The design guidelines are categorized and sequenced so that
a systematic design of laser beam melted particle dampers is
supported. Furthermore, these findings can serve as boundary
conditions for further methods or be a basis for building design
tools.

2. Methodology

The design guidelines for laser beam melted particle
dampers are to be derived from the current state of research.
For this purpose, a literature search was conducted on Google
Scholar. In addition, for each identified paper, the literature was
analyzed and considered for pre-selection if there was a match.
In total, 49 papers on laser beam melted particle dampers were
identified for pre-selection. Of the 49 papers, 25 were screened
out due to lack of reference to design guidelines or lack of qual-
ity assurance, leaving 24 papers to be analyzed in detail for this
work. Table 1 shows the results of the literature search. The
papers are sorted according to the research institutions. It can
be seen that the Air Force Research Laboratory (AFRL) shows
the most research activity. In general, with the exception of the
TU Dortmund University (TUD), primitive geometries or test
specimens are investigated, and the focus of the investigations
is predominantly experimental in nature. In addition, modeling
is addressed in some papers. Here, the focus is often on the
creation of regression analyses to represent the experiments. A
total of four different materials have been investigated so far.
Here, the focus is primarily on Inconel 718, followed by stain-
less steel 316L, tool steel 1.2709 and AlSi10Mg. In general, it
must be noted with design guidelines that they are sometimes
contradictory and mutually dependent. For this reason, it is ad-
vantageous to establish an order for their application and to ap-
ply first those design guidelines that influence as little as pos-
sible subsequent design guidelines [20, 21]. Table 1 shows that
the design guidelines can be primarily divided into the follow-
ing five categories:

Positioning: Positioning is used to a large extent to deter-
mine the effectiveness of the particle damper.

Determine cavity geometry: Cavity geometry affects both
damping and the stiffness and strength of the component.

Dimensioning: Sizing is used to fine-tune the effect of par-
ticle damping.

Orientation and support: To ensure the manufacturability
of the particle-filled cavity, the part orientation on the build plat-
form plays a crucial role. Furthermore, the orientation of the
cavity can have an influence on the effect of particle damping.

Post-process: Finally, limitations and influences resulting
from the post-process have to be considered already in the de-
sign phase of the particle damper.

From the current state of research, it appears that initial
work is being done on the design of laser beam melted particle
dampers. However, no collection of design guidelines compre-
hensively reflecting the current state of knowledge is yet avail-
able. Thus, the focus is on developing design guidelines for the
design of laser beam melted particle dampers that can be de-
rived from the current state of research, knowing that they will
need to be continuously developed and adapted. Furthermore,
due to the highly nonlinear properties, the degree of concretiza-
tion will be lower compared to design rules of additive manu-
facturing, e.g. production-oriented design. However, a high de-
gree of transferability can be assumed due to the lower degree
of concretization.

3. Design guidelines

The five categories of design guidelines are described in de-
tail below and finally summarized in the form of a flow chart,
shown in Fig. 2.

3.1. Positioning

To have little effect on stiffness and strength, the particle
damper should be located near the neutral fiber [3, 6, 9, 12]. Fur-
thermore, for high damping, the cavity should be integrated in
the region of maximum vibration amplitude, since this is where
particle interactions are greatest [4, 7, 22, 24, 25, 26, 27]. To
identify this position(s), a modal analysis can be performed, for
example.

3.2. Determine cavity geometry

State-of-the-art research indicates that a continuous versus a
subdivided cavity results in higher damping [29, 34]. However,
it must be taken into account that a subdivided cavity can have
advantages in terms of stiffness, strength or other component re-
quirements [11, 18, 28]. Thus, it should be decided individually,
depending on the problem, whether a continuous or subdivided
cavity should be used. In terms of cavity geometry, cuboid cav-
ities generally result in higher damping, whereas, cylindrical
and spherical cavities result in broader band damping [17].

3.3. Dimensioning

So far, only limited mechanical equivalent models or dis-
crete element methods exist that can be used as design tools to
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Table 1. Current state of research on design guidelines of laser beam melted particle dampers.
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1 [7] AFRL Beam Inconel 718 x
2 [22] AFRL Beam Inconel 718 x
3 [23] AFRL Beam Inconel 718 x
4 [16] AFRL Beam Inconel 718 x
5 [24] AFRL Beam Inconel 718 x
6 [25] AFRL Beam Inconel 718 / 316L x
7 [26] AFRL Beam Inconel 718 / 316L x
8 [4] AFRL Beam Inconel 718 / 316L x x
9 [27] AFRL Beam Inconel 718 x
10 [8] UTK Cylinder Aluminum x
11 [5] UTK Wall 316L x x
12 [11] UTK Wall 316L x
13 [28] UTK Beam 316L x
14 [29] DMRC Beam 316L x x x
15 [17] DMRC Beam 316L x x
16 [18] TUD Tool holder (turning) 1.2709 x x
17 [30] TUD Tool holder (turning) 1.2709 x x
18 [31] TUD Tool holder (turning) 1.2709 x x
19 [32] TUD Tool holder (turning) 1.2709 x
20 [33] TUD Tool holder (milling) 1.2709 x
21 [34] WU cubic unit cells 316L x x
22 [3] LUH Beam AlSi10Mg x x
23 [6] LUH Beam AlSi10Mg / 1.2709 x x
24 [9] LUH Beam AlSi10Mg x x

Air Force Research Laboratory (AFRL); University of Tennessee, Knoxville (UTK); Direct Manufacturing Research Center (DMRC); TU Dortmund University (TUD); Waseda University (WU); Gottfried Wilhelm Leibniz Universität Hannover (LUH)

evaluate the force- and frequency-dependent damping response
[24, 34, 35]. In addition to simulation, design curves or regres-
sion analyses derived from experiments are used for component
design [25, 26]. What both the experimental and the simulative
models have in common is that they have so far shown limited
transferability and are therefore of limited use as a dimension-
ing tool. In general, however, a large compared to a small cavity
leads to higher damping [4, 5, 8, 17, 29]. A noticeable damp-
ing effect can already be realized at a void ratio of 3 %, and
increases sharply up to a void ratio of 10 % and only slightly
beyond that [4, 9].

With the void ratio fixed, the void cross-section perpendicu-
lar to the neutral fiber should be maximized, whereas the void
length can be reduced [9]. Furthermore, minimum hole diam-
eters, gap widths and wall thicknesses, especially for filigree
structures, should be considered when dimensioning. These

minimum structure sizes can be looked up from the literature on
general design guidelines for additive manufacturing [20, 36].

3.4. Orientation and Support

To maximize component damping, the cross-section perpen-
dicular to the neutral fiber should be oriented so that the side
with the smallest void dimension points parallel in the direc-
tion of vibration [9]. In the case where a vibrating load acts on
the particle damper in multiple spatial directions, anisotropic
damping characteristics must be considered for cuboid cavity
cross-sections with a large aspect ratio of >4:1 [9].

Furthermore, the orientation of the cavity on the build plat-
form influences the subsequent damping properties [3]. The
background is that during the additive manufacturing process,
the powder layers on top compress those below. This compres-
sion of the powder layers is higher the more powder layers are
applied. This ultimately results in a higher packing density and
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thus higher damping in the case of a cavity printed upright com-
pared with one printed horizontally [3].

Furthermore, for the orientation of the cavity the building
process must be taken into account in order to realize a self-
supporting cavity structure. Self-supporting structures are de-
fined in this context by maintaining maximum overhangs and
critical down-skin angles. In addition to the orientation of the
cavity within the component, the component orientation can
also be adjusted. For example, beams with rectangular cross-
sections can be oriented on the build platform such that the
down-skin angles are exactly 45◦, making the down-skin sur-
faces self-supporting [3, 6, 9, 34]. In sum, this results in an iter-
ative procedure of component and cavity orientation, whereby
various boundary conditions such as anisotropy, self-supporting
structures or construction time have to be taken into account.

If it is nevertheless not possible to realize self-supporting
structures, load-adapted internal structures must be provided
[11, 18, 33]. Internal structures should be preferred to support
structures in order to minimize the risk of detaching under load,
which can change the damping and component properties. In-
ternal structures can be created by repeating unit cells (hon-
eycombs, tetrahedrons, etc.) or on the basis of topology opti-
mization and are more massive in total than support structures
[37, 38]. Internal structures also have a higher relative density,
since every layer is melted during the additive manufacturing
process and not only every second layer, as is the case with
support structures.

3.5. Consider post-process

In the post-process, the choice of post heat treatment can
have a decisive influence on particle dynamics and damping. At
high temperatures and over a longer period of time, the powder
can become sintered and consequently agglomerates can form.
However, no further statements can be made on this yet, since
only as-built particle dampers have been characterized so far.

Powder outlets are integrated as standard in components
with cavities, in order to remove the powder after the manu-
facturing process. In cavities that function as particle dampers,
however, no powder outlet openings must be provided.

It must also be taken into account that no mechanical post-
processing of the cavities is possible. Down-skin surfaces in
particular are characterized by increased surface roughness
[3, 39]. Sometimes, the down-skin angles or the length of the
overhangs in the cavity must be adjusted here.

One alternative to minimize or solve these challenges is
multi-material printing using LPBF or powder exchange [40].
During multi-material printing, particles with a high melting
point, such as tungsten [13], can be deposited in the cavity, re-
ducing the risk of agglomeration of the powder at high tempera-
tures. Furthermore, particles with a higher hardness can also be
deposited so that the rough surfaces of the main structure can
potentially be smoothed during operation.

The other alternative is to empty the cavity of powder af-
ter the manufacturing process [18, 30, 31, 32, 33]. This can be
followed by post heat treatment and mechanical or chemical
finishing of the rough surfaces, for example by flow grinding.

The powder can then be filled into the cavities, which are then
sealed [18, 30, 31, 32, 33]. However, it must be taken into ac-
count that the accessibility for the powder filling and the closing
mechanism must be given.

Finally, it must be taken into account that no visual inspec-
tion of the cavities is possible, making the detection of compo-
nent defects more difficult. In particular, care must be taken to
ensure that there are actually cavities inside the component. An
analysis of CAM data or CT scans, for example, is suitable as a
quality assurance measure.

Fig. 2 summarizes the previously described design guide-
lines in the form of a flow chart. Depending on the problem,
it may be the case that not all design guidelines are applied.
On the other hand, other design guidelines may have to be ap-
plied, e.g. for production-oriented design or for internal struc-
tures. In addition, there are other influencing factors such as the
machine, the manufacturing process, and the material that affect
the design guidelines [20, 41]. Among the influencing factors
of the manufacturing process are the process parameters, layer
thickness and inert gas. Those of the material include the grain
size distribution, melting temperature, moisture, proportion of
recycled powder, and the alloy itself [20].

4. Conclusion and outlook

Within the scope of this paper, the current state of research
on the design of laser beam melted particle dampers was pre-
sented. A collection of design guidelines was derived from the
resulting findings and prepared in the form of a flow chart.
The flow chart on design guidelines represents a systematic
approach to the design of laser beam melted particle dampers
by establishing a sequence that influences subsequent design
guidelines as little as possible. Overall, the design guidelines
could be divided into five categories (positioning, determine
cavity geometry, dimensioning, orientation and support, post-
process), and are formulated as generally as possible to realize
a high transferability. This should make it possible in the fu-
ture to systematically integrate the effect of particle damping
into any vibration-loaded structural components that are to be
manufactured using LPBF. In the long term, further methods
must be assigned to the individual categories in order to further
specify the design guidelines that are generally valid here. This
includes, for example, multi-objective optimizers for position-
ing and defining the shape of the cavities for the embodiment
design and mechanical substitute models for precisely quanti-
fying the effect for the detailed design. Further questions also
need to be answered regarding the influence of material and
manufacturing process on the effect of the particle damping.
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Fig. 2. Design guidelines for laser beam melted particle dampers.
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[18] F. A. Vogel, S. Berger, E. Özkaya, D. Biermann, Vibration suppression

in turning tial6v4 using additively manufactured tool holders with spe-
cially structured, particle filled hollow elements, Procedia Manufacturing
40 (2019) 32–37. doi:10.1016/j.promfg.2020.02.007.

[19] P. Pradel, Z. Zhu, R. Bibb, J. Moultrie, A framework for mapping design
for additive manufacturing knowledge for industrial and product design,
Journal of Engineering Design 29 (6) (2018) 291–326. doi:10.1080/

09544828.2018.1483011.
[20] R. B. Lippert, Restriktionsgerechtes Gestalten gewichtsoptimierter Struk-

turbauteile für das Selektive Laserstrahlschmelzen: Dissertation, Vol. 2018,
Band 1 of Berichte aus dem IPeG, 2018. doi:10.15488/3489.

[21] R. Lachmayer, T. Ehlers, R. B. Lippert, Entwicklungsmethodik für die Ad-
ditive Fertigung, 2nd Edition, Springer eBook Collection, Springer Berlin
Heidelberg and Imprint Springer Vieweg, Berlin, Heidelberg, 2022. doi:
10.1007/978-3-662-65924-3.

[22] O. Scott-Emuakpor, T. George, B. Runyon, C. Holycross, B. Langley,
L. Sheridan, R. O’Hara, P. Johnson, J. Beck, Investigating damping per-
formance of laser powder bed fused components with unique internal
structures, in: Volume 7C: Structures and Dynamics, ASME, 2018, p.
V07CT35A020. doi:10.1115/GT2018-75977.

[23] O. Scott-Emuakpor, T. George, B. Runyon, C. Holycross, L. Sheridan,
R. O’Hara, Assessing additive manufacturing repeatability of inherently
damped nickel alloy components, Journal of Engineering for Gas Turbines
and Power (2019). doi:10.1115/1.4044314.

[24] D. Kiracofe, M. Postell, O. Scott-Emuakpor, B. Runyon, J. George,
Tommy, Discrete Element Method Simulations of Additively Manufac-
tured Components With Integrated Particle Dampers Volume 9A: Struc-
tures and Dynamics - Aerodynamics Excitation and Damping; Bearing
and Seal Dynamics; Emerging Methods in Design and Engineering (2021)
V09AT25A001. doi:10.1115/GT2021-58462.

[25] O. E. Scott-Emuakpor, J. Beck, B. Runyon, T. George, Multi-factor model
for improving the design of damping in additively manufactured compo-
nents, in: AIAA Scitech 2020 Forum, American Institute of Aeronautics
and Astronautics, Reston, Virginia, 2020. doi:10.2514/6.2020-1631.

[26] O. Scott-Emuakpor, J. Beck, B. Runyon, T. George, Validating a multi-
factor model for damping performance of additively manufactured com-

ponents, AIAA Journal 58 (12) (2020) 5440–5447. doi:10.2514/1.

J059608.
[27] J. Hollkamp, O. Scott-Emuakpor, D. Celli, Analyses of Damping Sustain-

ability of Additively Manufactured Nickel Alloy Components Subjected to
High Strain Loading Cycles, Journal of Engineering for Gas Turbines and
Power (09 2022). doi:10.1115/1.4055579.

[28] G. Corson, B. Compton, M. Gomez, T. Schmitz, Internal feature design for
increased damping by captured powder (2021).

[29] T. Künneke, D. Zimmer, Funktionsintegration additiv gefertigter
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[30] F. Vogel, E. Özkaya, D. Biermann, Additiver werkzeugaufbau zur
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schwingungen, Maschinenmarkt 16 (2020) 52–55.

[34] H. Guo, K. Ichikawa, H. Sakai, H. Zhang, X. Zhang, K. Tsuruta, K. Mak-
ihara, A. Takezawa, Numerical and experimental analysis of additively
manufactured particle dampers at low frequencies, Powder Technology
(2021). doi:10.1016/j.powtec.2021.11.029.

[35] Y. Harduf, E. Setter, M. Feldman, I. Bucher, Modeling additively-
manufactured particle dampers as a 2dof frictional system, Mechanical
Systems and Signal Processing 187 (2023) 109928. doi:https://doi.
org/10.1016/j.ymssp.2022.109928.

[36] G. A. Adam, D. Zimmer, Design for additive manufacturing - element tran-
sitions and aggregated structures, CIRP Journal of Manufacturing Science
and Technology 7 (1) (2014) 20–28. doi:https://doi.org/10.1016/
j.cirpj.2013.10.001.

[37] A. Hussein, L. Hao, C. Yan, R. Everson, P. Young, Advanced lattice support
structures for metal additive manufacturing, Journal of Materials Process-
ing Technology 213 (7) (2013) 1019–1026. doi:https://doi.org/10.
1016/j.jmatprotec.2013.01.020.

[38] C. Beyer, D. Figueroa, Design and Analysis of Lattice Structures for Ad-
ditive Manufacturing, Journal of Manufacturing Science and Engineering
138 (12), 121014 (09 2016). doi:10.1115/1.4033957.

[39] O. Scott-Emuakpor, L. Sheridan, B. Runyon, T. George, Vibration Fatigue
Assessment of Additive Manufactured Nickel Alloy With Inherent Damp-
ing, Journal of Engineering for Gas Turbines and Power 143 (10) (2021)
101009. doi:10.1115/1.4051489.

[40] T. Ehlers, I. Meyer, M. Oel, B. Bode, P. C. Gembarski, R. Lachmayer,
Effect-engineering by additive manufacturing, in: R. Lachmayer, B. Bode,
S. Kaierle (Eds.), Innovative Product Development by Additive Manufac-
turing 2021, Springer International Publishing, Cham, 2023, pp. 1–19.

[41] E. Kirchner, A. Neudörfer, Grundregeln der Gestaltung, Springer Berlin
Heidelberg, Berlin, Heidelberg, 2021, pp. 467–523. doi:10.1007/

978-3-662-57303-7_14.


