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Abstract

Additive manufacturing processes based on powder bed fusion offer a high degree of de-
sign flexibility and enable the processing of a wide range of materials, including metals,
ceramics, and polymers, while maintainingminimal porosity. However, production of multi-
material componentswith locally tailored properties tomeet specific requirements by incor-
porating different materials with a high degree of spatial selectivity remains an elusive chal-
lenge. Essential prerequisites for achieving this selectivity are specialized selective powder
deposition techniques, their development, characterization, and subsequent implementa-
tion. In order to investigate optimization potentials and to identify research gaps in the
field of selective powder deposition techniques, an evaluation of the current literature is
performed in this study, ultimately highlighting promising potentials for vibration-assisted
approaches. Key considerations include the reduction of implementation complexity and
the downscaling of associated devices to increase their applicability. To achieve implemen-
tation simplification, this study derives dimensionless quantities that facilitate a targeted
calculation of control parameters by associating powder layer quality metrics with relevant
input quantities. The validity of the derived dimensionless quantities is verified by discrete-
element method simulations and physical experiments employing a novel miniaturized
vibration-assisted device. Metal, ceramic and polymer powders are used as representa-
tive samples to demonstrate the versatility of the method for different classes of materials.
Ultimately, the presented methods enable a significant improvement in the applicability of
vibration-assisted devices and represent an integrative component that provides a suitable
basis for further research efforts in the field of combined processing of multiple materials
by additive manufacturing technologies that utilize powder beds.
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Abstract
Additive manufacturing processes based on powder bed fusion offer a high degree of design flexibility and enable the process-
ing of a wide range of materials, including metals, ceramics, and polymers, while maintaining minimal porosity. However, 
production of multi-material components with locally tailored properties to meet specific requirements by incorporating 
different materials with a high degree of spatial selectivity remains an elusive challenge. Essential prerequisites for achieving 
this selectivity are specialized selective powder deposition techniques, their development, characterization, and subsequent 
implementation. In order to investigate optimization potentials and to identify research gaps in the field of selective powder 
deposition techniques, an evaluation of the current literature is performed in this study, ultimately highlighting promising 
potentials for vibration-assisted approaches. Key considerations include the reduction of implementation complexity and 
the downscaling of associated devices to increase their applicability. To achieve implementation simplification, this study 
derives dimensionless quantities that facilitate a targeted calculation of control parameters by associating powder layer qual-
ity metrics with relevant input quantities. The validity of the derived dimensionless quantities is verified by discrete-element 
method simulations and physical experiments employing a novel miniaturized vibration-assisted device. Metal, ceramic and 
polymer powders are used as representative samples to demonstrate the versatility of the method for different classes of mate-
rials. Ultimately, the presented methods enable a significant improvement in the applicability of vibration-assisted devices 
and represent an integrative component that provides a suitable basis for further research efforts in the field of combined 
processing of multiple materials by additive manufacturing technologies that utilize powder beds.

Keywords  Selective powder deposition · Multi-material · Discrete-element method · Pi theorem · Dimensionless numbers

1  Introduction

Additive manufacturing (AM) offers unique advantages such 
as cost-effective small-scale production, increased design 
flexibility and material efficiency. In particular, powder bed 
fusion using laser beam (PBF-LB) has become established in 
the additive processing of metals, primarily due to its ability 
to produce dimensionally accurate structures with intricate 
topology. Recently, there has been growing interest in the 
multi-material capability of PBF-LB [1–3], which could 
further expand its applicability by enabling the production 
of parts with locally tailored properties [4].

However, multi-material processing in PBF-LB poses 
significant challenges for machine technology and process 
control [5]. These range from ensuring material compat-
ibility and controlling complex thermal dynamics [6, 7] to 
developing sophisticated selective powder deposition (SPD) 
techniques to achieve spatial material selectivity within the 
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powder bed [2, 8, 9]. However, successful application of 
SPD requires knowledge of the relationships between the 
relevant influences and the resulting powder bed quality 
(relative density, homogeneity, etc.), which affects the qual-
ity of the solidified volume [10].

In addition to physical experiments, process virtualization 
is increasingly being used to determine possible correlations 
[11–13]. These enable the independent variation and optimi-
zation of both state and process variables over a wide range 
of spatial scales, including those used in PBF-powders. In 
this context, the use of the discrete-element method (DEM) 
is particularly advantageous for investigations in which the 
results are directly derived from the properties of the powder 
particles, e.g., particle size distribution, shape and mechani-
cal properties. This is especially important when geometric 
constraints preclude a continuum approach. Taking these 
limitations into account, DEM facilitates the analysis of 
mechanisms influencing powder deposition in powder bed 
additive manufacturing, since the typical layer thicknesses, 
which range from about 20 to 100 µm, correspond to average 
grain diameters [14–19].

In the following sections of this study, the DEM is first 
used to investigate the influence of control parameters and 
other governing variables on the resulting quality metrics 
with respect to powder bed additive manufacturing. The 
evaluation is based on dimensionless quantities derived 
in this study that summarize the governing variables and 
establish a mathematical link to the process outcome. The 
simulated results are then validated experimentally using a 
novel vibrating SPD device that demonstrates the ability to 
process various metal, ceramic and polymer powders. A key 
advantage of the novel vibrating SPD device presented here 
over the current state of the art is its significantly reduced 
size, which is achieved by its realization as an additively 
manufactured integral component. Finally, the results of 
both the virtual and physical experiments will be combined 
into a novel application method that facilitates the use of 
vibration-assisted SPD. This is achieved for the first time on 
the basis of dimensionless quantities.

2 � Methods for the preparation 
of material‑selective powder layers

For the preparation of powder layers with locally different 
material compositions, various approaches are available in 
the literature. Depending on the functional principle and 
technological maturity, they currently offer different degrees 
of applicability [8] and potentials for research and develop-
ment. In this context, prevalent approaches are discussed in 
order to elucidate distinct potentials and to identify research 
gaps. Therefore, an evaluation framework including metrics 

for determining the resulting powder layer quality as well 
as the operability of SPD devices is presented and applied.

2.1 � Evaluation framework for applicability of SPD 
approaches

The evaluation framework (Fig.  1) considers particle 
and bulk properties in conjunction with the applied SPD 
approaches as elements determining the resulting dimen-
sions of applicability, thus enabling its assessment. The 
dimensions of applicability of SPD approaches are primar-
ily determined by the operability and resulting properties 
of the powder layer. In the following operability is used to 
refer to a set of characteristics, which determine the perfor-
mance, efficiency, precision and reliability of the process. 
Important considerations include process speed, precision 
and resolution of material selectivity, ability to compensate 
for substrate irregularities, flexibility in material selection, 
system complexity, robustness and reliability as well as ease 
of powder management and previous powder conditioning 
requirements. In this context, production efficiency is pri-
marily determined by the deposition rate. Therefore, its 
maximization is an integral aspect of ensuring the economic 
viability of SPD. The precision and resolution of material 
selectivity determines the discretization error, which occurs 
when zones of varied powder compositions are implemented 
within a layer. The next aspect is the ability to compen-
sate for irregularities, which include variations in substrate 
topography caused by phenomena such as denudation effects 
or pronounced melt pool dynamics. Another measure of the 
operability of SPD devices is the absence of constraints 
related to the physical and morphological properties of the 
powder, thus providing high material flexibility. Finally, 
the complexity and robustness of the system determine the 
susceptibility to failure, maintenance effort as well as the 
uptime, which affects the overall economic feasibility of the 
system. High operability is, therefore, achieved when the 
system efficiently and precisely achieves the desired results 
and meets the requirements for flexibility and robustness 
with manageable complexity.

The quality of the powder layer can be described based 
on the criteria of layer thickness, void volume fraction [14, 
16, 19–23], homogeneity [13, 14, 18, 20, 21, 23], material 
composition, and contamination [24, 25]. It correlates with 
the quality criteria of PBF-LB components, which include 
surface quality, dimensional accuracy, porosity, and mechan-
ical properties [10]. The linking of these quality criteria for 
both individual layers and the final part results from complex 
interactions during the solidification process, such as laser 
energy coupling, heat transfer as well as the phase transi-
tion behavior of the material [26]. The quality of powder 
layers is, therefore, of crucial importance for achieving the 
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desired mechanical, thermal and geometric properties of the 
manufactured parts [10].

2.2 � Review and discussion of SPD approaches

Principles used for SPD emerge by implementing physical 
effects, which ideally fulfill the dimension of applicability 
in a technical realization. Technical implementations can 
be differentiated according to the type of powder deposition 
(direct, indirect), the effect type (mechanical, aerodynamic, 
electrostatic) and dimensionality (point-like, linear, and 
planar) of their formative elements as well as the dimen-
sionality of their powder application elements. The type 
of powder application refers to process steps necessary for 
enabling material selectivity and deposition of the powder. 
If both steps are performed simultaneously, the term direct 
is assigned, otherwise indirect. Formative elements serve to 

achieve material selectivity and are equivalent to the powder 
application elements in direct use. In indirect deposition, the 
powder pattern is created on a secondary element, which is 
used for the transfer to the substrate and powder bed. The 
SPD principles and devices discussed in the literature with 
respect to additive manufacturing technologies that utilize 
powder beds are mainly direct vibration-assisted SPD imple-
menting nozzles [24, 27–36], indirect SPD using the electro-
static principle [37–44] and powder deposition or removal 
using aerodynamic approaches [25, 45–47].

Vibrating powder deposition devices (VPDD) enable 
direct material selectivity by controlling the flow of powder 
through a sub-millimeter orifice in a time-dependent man-
ner. The inherent valve function results from the formation 
of powder bridges when the aspect ratio of the flow channel 
and grain diameter reaches a critical level. This formation 
can be disrupted by mechanical stimulation. Furthermore, 

Fig. 1   Framework for evaluating the applicability of SPD approaches for additive manufacturing technologies that utilize powder beds
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a correlation between mass flow and excitation intensity, 
which is a function of the amplitude and frequency of the 
mechanical vibrations, enables a controlled flow of the pow-
ders [29, 30, 32]. Two main types of actuators have been 
used to stimulate this process: electrodynamic [24, 48] or 
piezoelectric [28–32, 35, 49–53]. Both induce vibration into 
the formative element, along or perpendicular to the axis of 
gravity. The frequencies used so far range between 100 Hz 
[30, 48] and 50 kHz [51], with amplitudes as low as 15 µm 
[48] and up to 250 µm [29]. Layer thicknesses of 70 µm 
[24] and track widths of 85 µm [28] have been documented, 
which matches typical layer heights and melt pool widths in 
PBF-LB [54], thus demonstrating the applicability of VPDD 
in this respect. In addition, the application of powder tracks 
with a high powder layer quality at trajectory velocities of up 
to 13 mm/s has been demonstrated, while higher velocities 
pose a limit due to an increase in the void volume fraction 
[28, 29]. Together with the sub-millimeter track widths that 
determine the resolution of material selectivity, this results 
in increased process times when considering the VPDD 
dimensions commonly used in the literature. Nevertheless, 
the simultaneous use of formative elements arranged in a 
pseudo-element of higher dimensionality could, in prin-
ciple, reduce the process time. However, the large size of 
individual formative elements currently allows only a small 
number to be implemented, providing limited added value. 
Another challenge is the application of VPDD, which 
requires knowledge of the correlations between influencing 
variables (excitation intensity, powder properties) and result-
ing variables (track width, powder layer quality dimensions). 
Powder discharge relies on driving body forces caused by 
excitation and gravity, which is hindered by retarding adhe-
sive forces [55]. Although lower density materials tend to be 
more difficult to process, there is no general limitation on the 
classes of materials, which can be processed. Ultimately, the 
use of dry powders with sufficient flow characteristics, such 
as low internal friction and resistance to compaction, can 
result in robust and reliable powder application processes. 
VPDD offer advantages, particularly with their inherent 
ability to compensate for substrate irregularities occurring 
as process artifacts [56, 57] and their potential ability to 
produce a superior powder layer quality when applied as 
powder ductors.

Electrographic powder deposition devices (EPDD) 
utilize the electrophotographic principle [39, 40, 42] and 
achieve material selectivity by conditioning a photoconduc-
tor applied to a carrier electrode. Therefore, the photocon-
ductor is electrostatically charged, ideally homogeneously, 
which is selectively reduced by light irradiation exploiting 
the photoelectric effect. Thus, the light source represents the 
formative element of this indirect method, which is punctu-
ally projected (e.g., when using a laser or other punctually 
focused light source [38]) or arranged in pseudo-elements 

mimicking a one-dimensional [44] or two-dimensional [41] 
projection. The prepared carrier electrode is then posi-
tioned over a second electrode, which is covered by a pow-
der layer spread on top. An electric field of approximately 
105–106 V/m is subsequently established between the two 
electrodes [38, 39, 41], with the polarity of the electrodes 
varying depending on the approach [41]. The electrostati-
cally charged powder particles are attracted to the carrier 
electrode of the photoconductor according to the charge pat-
tern created by the previous illumination. The resulting pow-
der pattern is ultimately applied to the substrate. For this, the 
carrier electrode is electrically grounded and an electric field 
is applied across the electrode and the substrate, causing the 
electrostatically charged powder still adhering to the photo-
conductor to move towards the substrate. The functionality 
of this method has been demonstrated for ceramics [44], 
glass [41], polymers [41, 42] and metals [37–39, 58]. How-
ever, there are material-specific challenges. When processing 
powders of dielectric materials, the electric field is affected 
by the inhomogeneous structure of the substrate. This effect 
is related to the height of the substrate and negatively affects 
powder transfer from the carrier plate to the substrate [44]. 
As an alternative, the application of an additional powder 
transfer electrode positioned between the carrier plate and 
the substrate has been previously investigated [41]. Con-
figured as a wire mesh, the electrode hinders the powder 
transfer and negatively affects the resolution and precision 
of the material selectivity and the quality of the powder layer 
[41]. Regardless of the class of material processed, there 
are further challenges requiring additional investigations. 
For example, a single powder transfer step may not achieve 
adequate coverage of the areas to be coated [38, 39, 41, 42]. 
As an example, Förster et al. [39] demonstrated complete 
coverage after twenty repetitions using metallic powders. 
This effort scales with the number of processed powders 
and increases the overall process time as a consequence. In 
addition, a residue-free transfer of powder is not possible, 
therefore, a regular and thorough cleaning of the photocon-
ductor is currently unavoidable. In the case of metallic pow-
ders, a resolution of material selectivity in the range of 5 mm 
has been demonstrated [38]. In summary, the operability 
of EPDD systems currently is limited by increased process 
times, the absence of abilities to compensate for substrate 
irregularities, the overall system complexity and a resolu-
tion of material selectivity, which is an order of magnitude 
greater than the typical scale of melt pools. Moreover, the 
quality of the powder layer for dielectric materials is limited, 
which currently results in a restricted applicability.

Aerodynamic powder deposition devices (APDD) 
proposed in the literature generate selective powder beds 
both directly [45] and indirectly [25, 45–47] by deposition 
or removal methods using punctual formative elements of 
varying numbers. Technical implementations range from 
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suction nozzles, which remove powder from an already 
deposited layer on the substrate [25, 46] to more sophisti-
cated approaches implementing an array of micro-nozzles 
to assemble pseudo-formative elements [45]. When using 
suction nozzles, contamination can occur in the form of 
residual particles from incomplete removal [25, 46]. In addi-
tion, contamination of the removed powder volume occur-
ring during removal requires further efforts to separate the 
powder types [25]. More sophisticated system configura-
tions are presented in a patent by Bederot et al. [45]. They 
suggest using a complex system of micro-nozzles, which 
control gas flows in combination with a thin film screen 
allowing gas flows but not processable powder particles to 
pass through. Both direct and indirect approaches are dis-
cussed, each offering a theoretical selectivity resolution of 
100 µm based on the nozzle arrangement. In both methods, 
the processed powder is first homogeneously spread on the 
screen. In the case of indirect application, excess powder on 
the screen is selectively ejected by activating the respective 
microvalves. This process results in a powder pattern on the 
screen, which is applied to the substrate as the next layer 
through an ejection element. In this case, the screen acts as 
a planar powder application element. In the direct approach, 
the screen merely acts as a powder feeder from which the 
powder is selectively ejected and transferred directly to the 
substrate through micro-nozzles, which compose a forma-
tive pseudo-element. Both the indirect and direct methods 
facilitate low process times but require complex systems. 
Since these processes involve raking operations for coating 
the screens, the flow properties of the processed powders are 
relevant and may determine the requirements regarding the 
powder condition. While there is no fundamental limitation 
on the material classes possibly processed, there is a lack of 
experimental results in the literature on the achievable pow-
der layer qualities. However, conclusions can be drawn from 
the principles of the process for a preliminary assessment. 
Initially, it is reasonable to assume, a reliable process, pro-
vided the powder is conditioned as required, the valves are 
designed for safe operation, no particles are jammed in the 
screen and process parameters are set correctly. Under these 
conditions, the process is likely to have a low susceptibility 
to contamination, but powder layers may lack homogeneity 
and exhibit increased void volume fractions. Considering 
the homogeneity of the applied powder layer, there are addi-
tional risks regarding a possibly incomplete transfer, which 
could be caused by flow disturbances with the screen itself. 
Concluding, APDD is capable of achieving conventionally 
used layer heights and a high level of selectivity while main-
taining process times comparable to conventional powder 
applications in mono-material processing. However, APDD 
lacks the ability to compensate for substrate irregularities, 
e.g., by selectively adjusting the deposited thickness and 
may lead to an inferior quality of the powder layers.

Conclusion of the State of the Art and Potentials for 
Research and Development The analysis of the current state 
of the art suggests that the powder layer quality achievable 
with VPDD surpasses the powder layer qualities achieved 
with EPDD and APDD. Despite this advantage, VPDD also 
exhibits relevant shortcomings regarding its operability. 
These deficits are results of low deposition rates and a lack 
of understanding of the relationships between influencing 
variables and resulting quantities. Currently, the literature 
does not provide any equation-based correlations to address 
this knowledge gap. To mitigate this gap, an application 
method for VPDD is proposed in the following chapters. 
For this purpose, a preliminary study of typical control and 
resulting quantities is performed using DEM on basis of 
virtual simulations. The results are summarized and derived 
in this study as the dimensionless quantities Π and used to 
describe the flow behavior of the investigated powders. In 
addition, these relationships are validated through physi-
cal experiments, which is achieved with a novel miniature 
VPDD developed based on the simulation results. The com-
pact size of the device, with a diameter of 11 mm, facilitates 
the assembly of formative pseudo-elements and enables the 
mitigation of a major shortcoming of the VPDD, which is 
the low deposition rate. Consequently, this research effort 
could significantly enhance the operability of VPDD and 
pave the way for its improved applicability.

3 � Materials and methods

In order to investigate technological potentials as well as 
explore and enable the necessary boundary conditions for 
a prototypical implementation of VPDD, a methodological 
approach (Fig. 2) is presented, which includes virtualized 
experiments (denoted by the index sim) as well as valida-
tion experiments in a real physical setup (denoted by the 
index real). Compared to physical approaches, analyses 
based on virtual process models avoid the introduction 
of confounding influences, since these can be excluded 
during modeling. Moreover, input variables can be pre-
cisely defined independent of each other and the state and 
process variables associated with powders used in addi-
tive manufacturing are more easily accessible through 
virtual approaches as well. DEM is used to investigate 
the influence of harmonic oscillations (frequencies up to 
1500 Hz and amplitudes up to 45 µm) on the quality of 
selectively deposited powder tracks in virtual environment 
(Fig. 2, steps I–IV). This is accomplished using dimen-
sionless quantities Π derived in this research, which cor-
relate resulting parameters (powder layer quality) with 
influencing input variables (such as deflection vectors of 
three different orientations, geometric parameters and flow 
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properties of powders). In addition, the identified most 
suitable deflection vector orientation is investigated with 
experiments using a novel VPDD prototype (Fig. 2, steps 
V–VIII). The results are summarized in an application 
method for VPDD, which is based on the dimensionless 
quantities (Fig. 2, steps IX–X). The materials and vir-
tual as well as physical methods used in this research are 
detailed in the following sections.

3.1 � Characterization of investigated powders

In order to explore the versatility of the method across dif-
ferent classes of materials encountered in PBF, this research 
includes investigations on AlSi10Mg (AlSi10Mg.02, m4p 
material solutions, Germany), Al (PureAl.01, m4p mate-
rial solutions, Germany), Al2O3 (BAK40; distributor: xtra, 
Germany) and polyether ether ketone (PEEK; Vestakeep 
2000 FP, Evonik, Germany). Within this group of examined 

Fig. 2   Methodology for a generic approach to the process parameter selection based on dimensionless quantities, expressing relationships 
between influencing variables and resulting quantities
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powders, data from the virtual investigation of deflection 
vector orientations and its influence on powder layer quality 
is only obtained for AlSi10Mg. In order to provide a relative 
comparison between the studied powders, their flow proper-
ties must be considered, which are mainly determined by 
the interactions of effective surface and body forces acting 
on the particles and can be considered based on particle 
density and morphology. In this study, the qualitative mor-
phology description consists of the sphericity and round-
ness of the particles in conjunction with the particle size 
distributions (PSD) of the bulk, which can be expressed by 
its corresponding distribution values. While sphericity and 
roundness determine the rolling resistance of the particles, 
the PSD is relevant, as it affects the ratio of surface to body 
forces [59]. Roundness is characterized as the ratio of the 
average radii of convex regions of a particle to the radius 
of its circumscribing circle. Similarly, the circularity of a 
particle denotes the ratio of the circumference of a circle of 
equal area to the actual circumference of the particle. Both 
of these metrics refer to two-dimensional projections. The 
evaluation of grain shape is based on SEM images (Fig. 3, 
analyzed with a Supra 55VP Gemini, Carl Zeiss, Germany).

Compared to Al2O3 powder, both AlSi10Mg and Al 
powders exhibit lower roundness values due to the presence 
of bonded satellites and a reduced circularity as a result of 
partial elongation. The PEEK powder, characterized by its 
polygonal shape, has the lowest sphericity and roundness 
among the powders investigated. Gravimetric sieve analyses 
according to ISO 4497:2020-10 [60] are performed to deter-
mine the particle size distributions (balance PNJ 600-3 M, 
Kern & Sohn, Germany). Investigations are carried out using 
test sieves according to ISO 3310-1 with mesh sizes of 20/
25/32/38/45/50/56/63/71/80 µm (Haver & Böcker, Ger-
many) mounted on a sieve shaker (AS 200 basic, Retsch, 
Germany). The obtained mass fractions are initially approxi-
mated through a log-normal distribution [59]. By assum-
ing a spherical grain shape, the mass-specific distribution 

is then transformed into a grain number-based distribution. 
The transformation takes place within the density function 
at points i using the proportionality of mass and volume, and 
the relative scaling of the sphere volume over the grain radii:

Here, �mi refers to the value of the mass-specific density 
function at a location i, r0 signifies the reference grain radius 
and ri denotes the grain radius. The determined mean of 
the log-transformed values, �N , and corresponding stand-
ard deviations, �N , are presented in Table 1 for distributions 
based on both mass and number of grains.

3.2 � Simulative setup

The powder deposition simulations are performed using 
EDEM software (Altair Engineering Inc., Troy-USA). The 
contact model consists of several sub-models, including 
Hertz [61] and Mindlin [62] normal and tangential forces. 
Damping forces in corresponding directions as proposed by 
Tsuji et al. [63], an adhesive force element derived from 
Johnson et al. [64] and a standard rolling friction model, 
are also implemented. The selection of the contact model as 
well as its parameterization are based on previous research 

(1)�mi ⋅ r
3
0
∕r3

i
= �Ni.

Fig. 3   Virtual SEM micrographs of the investigated powders: a AlSi10Mg b Al c Al2O3 and d PEEK powder

Table 1   Determined distribution values of grain diameter d [µm] for 
AlSi10Mg powder, Al powder, Al2O3 powder, and PEEK powder

Powder materials Mass-specific size 
distribution

Number-specific 
size distribution

�m[–] �m[–] �N[–] �N[–]

AlSi10Mg 3.56 0.228 3.52 0.204
Al 3.60 0.326 3.42 0.291
Al2O3 3.85 0.243 3.76 0.217
PEEK 3.95 0.203 3.89 0.181
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by the authors [59] for monospherical particles, which also 
includes a detailed presentation of the governing mathemati-
cal models used. Parameters not included there for the par-
ticle–VPDD contact were determined with respect to the 
coefficients of sliding friction and restitution as described 
in Ref. [59] using inclination and rebound experiments. The 
rolling friction coefficient in the particle–VPDD contact is 
set to half of the value for the particle–particle contact to 
account for the flat silanized surface of the VPDD, which 
provides lower rolling resistance compared to the irregular 
surfaces of individual particles. By emulating the missing 
effects resulting from the lack of a geometrically modeled 
surface roughness of the substrate, the parameters describing 
the contact between substrate and particles were manually 
adjusted (Table 2) to improve the simulation results.

The simulation model consists of a substrate plate and 
a tubular VPDD (with an inner diameter of D1 = 500 µm 
and an outer diameter of D2 = 1000 µm) filled with 200,000 
particles (Fig. 4). Starting from the right ( xt=0 = −D1∕2 ), 
the dispenser is moved uniformly over the substrate for 

a distance of 5000 µm while maintaining the distance h0 
and the velocity vt . In addition, deflection vectors �⃗xi(t) are 
imposed on the device, which can be described as follows:

The orientations of the x-, y-, and z-directions refer to 
those given in Fig. 4. In accordance with Eqs. 2–4, the fol-
lowing analysis does not explore the potential influence of 
an angular relationship between the direction of translation 
and the direction of vibration amplitude during uniaxial 
vibration. However, alternating the relative orientation of vt 
affects the perpendicular components of �⃗xlat(t) , while �⃗xcir(t) 
exhibits only a phase shift and is, therefore, considered less 

(2)x⃗lat(t) = x̂ ⋅
[

sin (𝜔 ⋅ t) 0 0
]T
,

(3)x⃗axi(t) = x̂ ⋅
[

0 0 sin (𝜔 ⋅ t)
]T
,

(4)x⃗cir(t) = x̂ ⋅
[

sin (𝜔 ⋅ t) cos (𝜔 ⋅ t) 0
]T
.

Table 2   Parameters used for the 
DEM simulations; both model 
parameters determined for 
AlSi10Mg powder and process 
parameters

Parameters Symbols Units Values and value ranges

General parameters [59]
 Young’s modulus Esim Pa 75 × 106 (equals 0,1% of Ereal)
 Poisson’s ratio � [–] 0,33
 Surface energy density wJKR J/m2 2.25 × 10–3

 Solid density of a particle �g kg/m3 2670
 Surface of a reference particle ArefN m2 3.72 × 10–9

 Mass of a reference particle mref kg 3.43 × 10–11

 Mean value of d [µm] (log-normal, N-spec.) �N [–] 3.56
 Standard deviation of dP [µm] (log-normal, N-spec.) �N [–] 0.228
 Lower capping value ( �Ni ≤ 3.5%) clow µm 20
 Upper capping value ( �Ni ≤ 0.35%) chigh µm 60
 Time step Tsim s 1.34 × 10–7

 Parameters of particle to particle contact [59]
 Coefficient of sliding friction �s pp [–] 0.2
 Coefficient of rolling friction �r pp [–] 0.0808
 Coefficient of restitution cres pp [–] 0.54
 Parameters of VPDD wall to particle contact
 Coefficient of sliding friction �s dp [–] 0.1
 Coefficient of rolling friction �r dp [–] 0.04
 Coefficient of restitution cres dp [–] 0.52
 Parameters of substrate to particle contact
 Coefficient of sliding friction �s sp [–] 0.8
 Coefficient of rolling friction �r sp [–] 0.6
 Coefficient of restitution cres sp [–] 0.54 [59]

Process parameters
 Translational velocity of the dispenser vt mm/s 25, 50, 75, 100
 Frequency of oscillation of the dispenser f 1/s 500, 1000, 1500
 Amplitude of oscillation of the dispenser x̂ µm 10, 20, 30
 Distance between substrate and dispenser tip h0 µm 100, 200
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sensitive. The evaluation of the powder track condition is 
performed both directly in EDEM and by image-based con-
tour extraction (approximately 1000 measurement points per 
contour) based on arithmetic means. Track height is assessed 
in cross-sectional images within the xz-plane, centered on 
the powder track, while track width is determined from top-
view images. In EDEM, the void volume fraction � of the 
applied powder track is calculated from the arithmetic mean 
of 10 grid bins as follows:

where Vp.i refers to the powder volume located within the 
i-th control volume Vc.i . The control volumes are arranged 
along the powder track in the xy plane and are mirror-
symmetrically positioned with respect to the xz-plane, with 
dimensions of 500 µm, 300 µm, and 50 µm in the x-, y-, and 
z-directions, respectively.

3.3 � Physical setup

The validation experiments in a physical setup are conducted 
with oven-dried powders with a moisture content of less 
than 0.05% by mass (measured with a DAB 100-3 mois-
ture analyzer, manufactured by Kern & Sohn GmbH, Balin-
gen-Germany), and a novel miniaturized VPDD, designed 
according to the results of the DEM studies and discussed in 
more detail in Sect. 5.2. The goal of the experimental series 
is to correlate VPDD control variables, such as the deflection 
vector, with mass flows and resulting powder layer quality 
based on powder deposition tests. The deflection vector is 
measured uniaxially near the outlet using a laser vibrometer 
(projection dimension: point; model: optoNCDT ILD2300-
10, manufactured by Micro-Epsilon Messtechnik GmbH & 
Co. KG, Ortenburg-Germany). For mass flow measurements, 

(5)�sim = 1∕10 ⋅

10
∑

i=0

(

1 − Vp.i∕Vc.i

)

,

the dispenser is positioned 30 mm above the weighing pan of 
an analytical balance (model: PNJ 600-3M; manufacturer: 
Kern & Sohn GmbH, Balingen-Germany), which ensures 
free flow of the powder during measurements. For powder 
deposition experiments, the VPDD is uniformly translated 
over an AlSi10Mg substrate plate using a CNC portal setup 
(Fig. 5a). For an optimized alignment, the substrate plate 
is leveled by planar milling in the same CNC portal and is 
glass bead blasted afterwards (Rz = 69.7 µm; measured with 
a confocal Laser Scanning Microscope or LSM, on a square 
area of 500 µm side length; LSM model: VK-X160K, manu-
factured by Keyence, Osaka-Japan). Leveling in the z-direc-
tion is achieved using a micrometer stage. Measurement of 
the powder track is carried out using a laser distance meter 
(projection dimension: line; model: scanCONTROL 3060-
25, manufactured by Micro-Epsilon Messtechnik GmbH & 
Co. KG, Ortenburg-Germany). The width and height of the 
powder track are determined over sections with a length of 
15 mm (Fig. 5b), which are divided into 400 profiles based 
on the maximum values of each profile.

4 � Derivation of the dimensionless 
quantities

Dimensionless quantities, which are based on Bucking-
ham's Pi theorem [65], i.e., the assumption that physical 
relationships hold independently of the units used to meas-
ure the dimensions of length, mass, time and temperature, 
are used in various areas of science as they can promote 
and simplify the understanding and description of complex 
physical phenomena. This is achieved through a systematic 
dimensional analysis and reduction of the included input 
variables to a few dimensionless quantities. In the field of 
by additive manufacturing technologies that utilize pow-
der beds, dimensionless quantities are applied primarily 

Fig. 4   Virtual setup and corre-
sponding geometric parameters 
such as the height of the annular 
gap between the substrate and 
the tube tip h

0
 , the inner and 

outer diameters D
1
 and D

2
 

as well as an example of the 
image-based evaluation of the 
track height (width is evaluated 
analogously)
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for thermal and rheological modeling. The former aims to 
improve the comprehension of the dominant heat transfer 
mechanisms and their associated mechanisms. In this con-
text, dimensionless quantities such as the Péclet number 
have been used to predict convection, as well as conduc-
tion mechanisms and their relative impacts on the process 
[66–68]. Rheological modeling, on the other hand, is use-
ful for emulating powder dynamics processes described by 
dimensionless quantities such as the bond number [14, 69] 
or a specialized type of the Péclet number, which relates 
the characteristic deformation and relaxation times in a 
sheared powder volume [14, 69, 70]. These parameters 
facilitate the quantification and comparison of the rela-
tive importance of inertia and gravity effects. The use of 
dimensionless quantities enables effective comparisons of 
processes conducted at different scales and under varied 
conditions. Furthermore, they also allow a physical inter-
pretation of processes and phenomena at a reduced level 
of complexity. However, their utility is not without dis-
advantages, as they often depend on assumptions, which 
condition their practical applicability regarding the correct 
modeling of the prevalent physical effects. For example, 
idealizing flow conditions or ignoring certain heat transfer 
mechanisms may not be valid in reality and could decrease 
the quality of prediction. In addition, dimensionless quan-
tities can lead to erroneous predictions when applied out-
side the scope for which they were derived. Concluding, 

the proper use and interpretation of these dimensionless 
quantities requires a thorough understanding of the under-
lying physical principles and mechanisms.

To employ dimensionless quantities to facilitate the 
application of VPDD, the first step is to identify, which 
variables should be correlated. In terms of resulting quan-
tities, dimensions related to powder bed quality such as 
layer height h , void volume fraction � , homogeneity � and 
the width b of the applied powder tracks are significant. 
Regarding the influencing variables, the derivation of the 
dimensionless quantities can be based on powder flow 
properties (influenced by morphology, grain density and 
moisture content), the mechanical energy input for pow-
der fluidization (described by the vibration parameters), 
the geometrical conditions and the translational velocity 
of the dispenser vt . However, considering the significant 
experimental efforts necessary for a comprehensive deter-
mination of powder properties, it is advantageous to con-
dense them into resulting quantities. In order to reduce 
the number of parameters, both groups are combined into 
excitation specific mass flow functions ṁ(Eos,A1) and are 
included in the formulation of dimensionless quantities 
together with the easily accessible grain density �g . The 
mass flow functions are based on the area of the circu-
lar orifice of the nozzle A1 , as well as the energy of the 
oscillation Eos and determined during the free discharge. 
Therefore, the mathematical relationship is

Fig. 5   a Setup for physi-
cal experiments, b measured 
powder tracks in top view with 
color-coded powder track height
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Here, D1 is the orifice diameter of the nozzle, x̂  is the 
amplitude of vibration, � is the angular frequency of vibra-
tion, and mref is the reference grain mass according to

where �Ni is the value of the density function of the number-
based grain size distribution at location i. The indexing of 
mNi is analogous. In addition to the nozzle orifice area, the 
geometric quantity determining the powder outflow is the 
reference shell area As of the annular gap between the nozzle 
tip and the substrate

Here, Dref is a reference radius (here 1000 µm) and h0 is 
the distance between the nozzle tip and the substrate. The 
drive of the powder to propagate through the annular gap is 
modeled based on the characteristic energy density es in the 
sheared cross-section following

According to this simplified view, the general correlation 
is given by

The derivation of dimensionless quantities by dimen-
sional analysis (Table 3) is performed for the powder 
track width and the excitation specific mass flows as non-
repeating variables. For the application, �g and the control 

(6)A1 = � ⋅

(

D1∕2
)2
,

(7)Eos = Êkin,

(8)Êkin =
1

2
⋅ mref ⋅ (x̂ ⋅ 𝜔)

2.

(9)mref =

chigh
∑

i=clow

(

�Ni ⋅ mNi

)

∕

chigh
∑

i=clow

�Ni,

(10)As = � ⋅ Dref ⋅ h0.

(11)es = Eos∕As.

(12)b, h, 𝜅, 𝜉 = f
(

h0,D1,As, 𝜌g, vt , ṁ
(

Eos,A1

)

, es
)

.

variables vt and es are used as repeating parameters along 
with the nozzle geometry D1,As = constant . Void volume 
fraction and homogeneity are not considered at this stage 
and are primarily used to evaluate the powder layer quality 
under different combinations of the other input variables 
within a simulation environment.

The dimensionless parameters, therefore, follow as

Equation 13 describes a velocity ratio according to

which is influenced by the excitation-dependent achiev-
able diffusion velocity of the powder flow vdif . Equation 14 
can be interpreted as the time quotient of the diffusion and 
advection time by expanding it according to the square of 
the track width b. Thus, �b describes the ratio between the 
time required for a representative particle to move a given 
distance by diffusion and the time it would take to move the 
same distance by advection, in terms of the trajectory veloc-
ity. Therefore, it follows

As the dimensions are equal, it is possible to consider 
the resulting layer thickness instead of the track width as 
well. Therefore,

applies. The quotient

(13)𝛱ṁ = 𝜌g ⋅ v
3
t
⋅ e−2

s
⋅ ṁ,

(14)�b = �g ⋅ v
2
t
∕es ⋅ b.

(15)�ṁ =
(

vt∕vdif
)3
,

(16)�b =
(

tdif .b∕tadv.b
)2
,

(17)tdif .b =
(

b3 ⋅ �g∕es
)0,5

,

(18)tadv.b = b∕vt .

(19)�h = �g ⋅ v
2
t
∕es ⋅ h

Table 3   Systems of equations of dimensional analysis for (a) �ṁ with the nonrepeating variable ṁ and (b) �b with the nonrepeating variable b

(a) Dimensions �g vt es ṁ
(

Eos,A1

)

Mass 1 0 1 1
Length – 3 1 0 0
Time 0 – 1 – 2 – 1

(b) Dimensions �g vt es b

Mass 1 0 1 0
Length – 3 1 0 1
Time 0 – 1 – 2 0
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indicates how much advection dominates over diffusion dur-
ing powder deposition and can, therefore, be interpreted as 
the Péclet number Pe . A Péclet number below one indicates 
that diffusion dominates over convection, for Pe bigger than 
one, the opposite is true. It can, therefore, be generally con-
cluded, that the lower the Pe , the lower the risk of advec-
tive powder entrainment leading to diffusive accumulation 
of powder around the outlet, favoring a reduction in void 
volume fraction.

For this reason, the Péclet number formulated here is used 
as a characteristic quantity for assessing the resulting void 
volume fraction.

5 � Results and discussion

In this chapter, the experimental results are presented and 
analyzed to facilitate the application of VPDD by inves-
tigating the validity of the approach presented in Sect. 3 
(Fig. 2). First, the effects of differently oriented vibrational 
deflections are investigated using the example of a capillary 
tube to dispense powder (Fig. 4 in Sect. 3.2). The results are 
analyzed based on the dimensionless quantities derived in 
Chapter 4 and additionally compared regarding the resulting 
powder bed quality. As a result, the most suitable approach 
is implemented in a novel miniature VPDD, which is intro-
duced and used for validation in physical reality.

5.1 � Simulative investigation on deflection vectors

The influence of the deflection vector on the quality of the 
applied powder tracks is investigated as a preliminary evalu-
ation for later implementation of the results in a physical 
device. Simulations are performed with DEM under the 
conditions specified in Sect. 3.2 for AlSi10Mg powder, 
assuming a monospherical grain shape. The investigated 
parameter combinations are divided into four series of con-
stant translation velocities, in which identical combinations 
of oscillation frequency and amplitude are studied. Analysis 
of the simulation results is based on the dimensionless quan-
tities 𝛱ṁ , �b and Pe derived in Chapter 4. When originally 
plotted in this system, the results for �b(�ṁ) and �h(�ṁ) 
show small coincidence errors in the curve progressions. 
These are assumed to be a result of the inhibition of powder 
outflow from the nozzle orifice due to powder located in the 
annular gap. Based on this assumption, it is concluded that 
low convection times at higher translation velocities entail 
a thinly populated annular gap and thus a higher efficiency 
of ṁ

(

Eos,A1

)

 . This, in turn, would affect the process perfor-
mance and the resulting layer properties, highlighting the 

(20)�ṁ∕�b =
(

vt∕vdif
)3
∕
(

tdif .b∕tadv.b
)2 importance of fine-tuning these parameters for optimized 

process results. Based on this hypothesis, an improved col-
inearity is obtained using

Here,

is the translation velocity ratio, where the reference value 
vref corresponds to the highest translation velocity of the 
test series. Particularly, the curve progressions indicate a 
decrease in the time ratios �b and �h with increasing mass 
flows when the translation velocity is kept constant (Fig. 6a, 
b), a behavior that can be rationalized by a decrease in the 
diffusion times. This behavior is facilitated by an observed 
proportionality between ṁ and Eos as well as the resulting 
correlation between Eos and x̂2 , f 2 (Eq. 8). Accordingly, the 
velocity ratio decreases with increasing diffusion velocity. 
For identical mass flows and increasing translation veloci-
ties, shorter advection times occur. These entail larger time 
ratios and velocity ratios, which is reflected in the simula-
tion results. Thus, a relationship between volume flow and 
time ratios can be formulated, which is confirmed by simula-
tions independent of the directions of the deflection vector 
(Fig. 7a, b). It applies

with quantities used in the virtual environment. Here, Ci are 
regression coefficients obtained from the analysis of experi-
mental data (see Fig. 7). For the void volume fraction, a 
dependence on the translational velocity (Fig. 6c, d) as well 
as the directions of the deflection vectors (Fig. 7c, d) is evi-
dent. In the case of circular and lateral oscillations, regres-
sion functions can be derived, which allow an acceptable 
approximation of the porosities based on the Péclet number 
Pesim (Eq. 20). This results in the equations

The assessment of homogeneity � is based on the 
extended standard deviation of the void volume fraction �κ . 
The scattered void volume fractions for higher levels of axial 
oscillation (about 58% < 𝜅sim < 76%) are followed by void 
volume fractions in lateral oscillation (about 53% < 𝜅sim < 
74%) and circular oscillation (about 53% < 𝜅sim < 68%). 

(21)ṁv = ṁ ⋅ v
−1∕4

rel
.

(22)vrel = vref∕vt.i

(23)�b.sim = Cb1.sim ⋅�
Cb2.sim

ṁv.sim
,

(24)�h.sim = Ch1.sim ⋅�
Ch2.sim

ṁv.sim
,

(25)�cir.sim = Ck1.cir.sim ⋅ Pe
Ck2.cir.sim

v.sim
,

(26)�lat.sim = Ck1.lat.sim ⋅ Pe
Ck2.lat.sim

v.sim
.
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Regarding the homogeneity, the axial oscillation shows the 
largest deviations (about 3% < 𝜎κ.sim < 11%), which increase 
with decreasing Péclet number. At lower levels, lateral oscil-
lation (about 3% < 𝜎𝜅.sim < 10%) and circular oscillation 
(about 1% < 𝜎𝜅.sim < 8%) follow with an inverse relation-
ship to Péclet number. Accordingly, powder application by 
circular oscillation produces the highest powder layer quality 
in the investigated area and is, therefore, transferred to physi-
cal experiments for further validation.

5.2 � Miniature vibrating powder deposition device

The objective in designing VPDD is the ability to meet 
the required layer quality and operation boundary condi-
tions for a potential future industrial application. Accord-
ing to the current state of the art, VPDDs lack operability 

because they increase process times, especially due to their 
size-dependent limitations for sequential use. Paralleliza-
tion can mitigate this disadvantage, but requires a signifi-
cant reduction of the dimensions of each formative ele-
ment. In addition, the deflection mode identified as most 
appropriate in the simulation should be used. A possible 
approach is the implementation of an eccentrically rotating 
mass (ERM) for excitation within a spring arrangement 
of defined stiffness, which allows a constructive match 
between excitation force �⃗Fcir(t) and deflection �⃗xcir(t) of the 
excited structure. Realized as a function-integrated ste-
reolithography component with an integrated ERM motor, 
these functions can be accommodated in a small space 
(Fig. 8a). The complexity of the system is low in terms of 
control variables, since mass flow control can be achieved 

Fig. 6   Simulation results at 
h
0
= 100 µm and circular 

oscillation for a powder track 
width bsim ≈ 380–725 µm, b 
powder track height hsim ≈ 
50–77 µm, (c) cavity volume 
fraction �

sim
= 53–68% and d 

its calculated standard deviation 
�κ.sim 1–8%
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Fig. 7   Simulation results for 
various vibration modes and 
h
0
= 100 µm for a powder track 

width bsim ≈ 320–810 µm, b 
powder track height hsim ≈ 
36–77 µm, c cavity volume 
fraction �

sim
= 53–76% and d 

its standard deviation �κ.sim = 
1–11%

Fig. 8   a CAD drawing of the 
miniature VPDD used in physi-
cal experiments and b LSM 
micrograph of the dispenser 
outlet showing wear after 
processing of Al2O3 powder for 
about 4 h
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by adjusting the rotational frequency of the ERM, which 
also affects the deflection amplitude. The relationship is 
simplified using a spring–mass–damper system as a model, 
thus it holds

where mos represents the oscillating mass, b is the damping 
coefficient and k is the stiffness of the spring assembly. The 
excitation force due to static unbalance follows to

where mERM represents the ERM rotating at an eccentricity 
of r⃗ERM . The flow channel inside the VPDD and its tip are 

(27)
x⃗cir(t) = F⃗ex∕

(

(

k − mos ⋅ 𝜔
2
)2

+ (b ⋅ 𝜔)2
)0.5

⋅ sin (𝜔 ⋅ t),

(28)F⃗cir(t) = mERM ⋅ 𝜔⃗ ×
(

𝜔⃗ × r⃗ERM
)

,

thinly coated with silan, which improves the processability 
of PEEK powders in particular. However, after processing 
of Al2O3 powder for about 4 h, some wear is visible on the 
tip (Fig. 8b), which limits its durability. It is assumed that 
an improvement may be achieved with increased coating 
thicknesses.

5.3 � Physical experiments and integration 
of simulative results

The results of the physical experiments using the intro-
duced miniature VPDD confirm the correlations �b(�ṁv) 
and �h(�ṁv) derived in Chapter 4 and expand upon the 
simulative results in Sect. 5.1. This is demonstrated for the 
correlation of the translational velocity (Fig. 9a, b compared 

Fig. 9   Correlations between 
powder track dimensions and 
powder mass flow rate for a 
the track width and b the track 
height for AlSi10Mg powder, 
subdivided according to the 
dispenser translation speed and 
the distance between the dis-
penser tip and the substrate, and 
c the track width and d the track 
height, subdivided according 
to the powder types AlSi10Mg, 
pure aluminum, Al2O3, and 
PEEK, described with dimen-
sionless quantities
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to Fig. 6a, b) and extended towards powder types of two 
additional material classes (Fig. 9c, d compared to Fig. 7a, 
b). As evidenced by the similar regression results, the simu-
lated results are also quantitatively validated as reasonable 
approximations. This leads to the assumption, that the simu-
latively identified relationships between the Péclet number, 
the void volume fraction (Fig. 7c) and its standard deviation 
(Fig. 7d) are applicable on physical experiments as well. 
Consequently, for the application of circularly oscillating 
VPDD, the previous equations can be summarized as

When Eqs. 7, 8, 10, 11, 13, 14 and 20–22 are incorpo-
rated, then Eqs. 29–31 give

The coefficients and exponents result from the regression 
analysis of the simulations (Fig. 7c, d) and physical experi-
ments (Fig. 9c, d), with values as follows: Cb1 = 4.5983 ; 
Cb2 = 0.4827 ; Ch1 = 0.4084 ; Ch2 = 0.5225 ; Ck1 = 44.092 
und Ck2 = 0.0491 . The correlation identified in the simula-
tion for sufficiently flowing AlSi10Mg powder, correspond-
ing to Eq. 31, is plotted in Fig. 9c in the form of lines of 
equal void volume fraction in order to enable an improved 
comprehensibility. However, since no clear relationship has 
been established between the flow properties of the respec-
tive powders and the resulting void volume fraction, the iso-
lines do not represent a universally applicable formulation 
and should be interpreted depending on the respective flow 
properties. For powders with decreased flow properties in 
comparison to the reference (denoted by the index ref), such 
as the polygonal PEEK powder [59], a shift of the iso-lines 
towards lower Πṁv-values would be necessary. An analogue 
shift to Πṁv-values would result for materials and powders 
with improved flow characteristics.

According to these results, the effort required for the 
application of VPDD in additive manufacturing can be 

(29)�b = Cb1 ⋅�
Cb2

ṁv
,

(30)�h = Ch1 ⋅�
Ch2

ṁv
,

(31)�ref = Ck1 ⋅ Pe
Ck2
v

.

(32)b = 𝜌
1−Cb2

g ⋅ v
2−3.25⋅Cb2

t ⋅

(

0.25 ⋅ mref ⋅ (x̂ ⋅ 𝜔)
2∕𝜋 ⋅ Dref ⋅ h0

)2⋅Cb2−1
⋅ v

0.25⋅Cb2

ref
∕
(

Cb1 ⋅ ṁ
Cb2

)

,

(33)h = 𝜌
1−Ch2

g ⋅ v
2−3.25⋅Ch2

t ⋅

(

0.25 ⋅ mref ⋅ (x̂ ⋅ 𝜔)
2∕𝜋 ⋅ Dref ⋅ h0

)2⋅Ch2−1
⋅ v

0.25⋅Ch2

ref
∕
(

Ch1 ⋅ ṁ
Ch2

)

,

(34)𝜅ref = Ck1 ⋅
(

v0.75
t

⋅ v0.25
ref

⋅ ṁ ⋅ b ⋅ 𝜋 ⋅ Dref ⋅ h0∕
(

0.25 ⋅ mref ⋅ (x̂ ⋅ 𝜔)
2
))Ck2

.

significantly reduced using the identified relationships. 
Therefore, the prerequisites are physically determined 
powder properties ( �g , mref ) and the mass flow correlation 
ṁ
(

Eos,A1

)

 , which both can be obtained in experiments with 
limited effort. Thus, an equation-based parameter adaptation 
can be performed, involving relationships between process 
parameters ( ṁ , f, x̂, vt ), powder properties and the process 
result ( h, b, �cir).

6 � Conclusion and outlook

The goal of the presented research was to identify and 
develop untapped potential for selective powder deposition 
(SPD) in additive manufacturing. This was achieved by the 
theoretical deduction and experimental validation of a novel 
method for the application of vibratory powder deposition 
devices (VPDD) based on dimensionless quantities using 
AlSi10Mg, Al, Al2O3 and PEEK powders as examples. In 
this context, the study initially focused on developing a 

framework for evaluating the applicability of different SPD 
approaches. The framework was used to evaluate the appli-
cability of VPDD, aerodynamic powder deposition devices 
(apdd) and electrostatic powder deposition devices (EPDD) 
in terms of their applicability and the resulting powder layer 
quality. It was concluded that the powder layer quality gener-
ated by VPDD could be superior to that generated by EPDD 
and APDD, but potential for further research regarding an 
improved operability should be explored. This was addressed 
through a determination of regression functions including 
three dimensionless quantities derived in this study, which 
enabled the calculation of control quantities according to the 
required process results (track width, track height and void 
volume fraction). The validity of the obtained correlations 
was first demonstrated using the discrete-element method 
(DEM) for circular, lateral and partially for axial oscillation 
of a capillary VPDD. Circular oscillation was identified as 
the most suitable solution, mainly due to the resulting high-
est degree of homogeneity and the comparably low void vol-
ume fraction. It was, therefore, used to validate the DEM-
based findings in reality, using a novel miniature VPDD, 
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proving an overall improved applicability and comprehen-
sion of this class of SPD devices. The demanding processing 
of polymers, due in part to their comparatively low density, 
was overcome using a silane coating on the dispenser and 
demonstrated using PEEK as an example.

Ultimately, the presented method facilitates a notable 
improvement for the applicability of VPDD. Moreover, it 
represents an integrative constituent, which is an appropriate 
basis for further research efforts in the field of processing 
multi-material powder beds. This is also aided by the size of 
the presented VPDD, which benefits the integration of multi-
material capabilities into existing equipment (Fig. 10), but 
requires further size reduction to optimize the operability of 
such systems. An extension of the method to other frequency 
and amplitude ranges, different dispenser geometries as well 
as powder types with differing flow properties is conceivable 
and could further improve the practicability of the examined 
approaches.
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