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a b s t r a c t
The development of reliable strategies to optimize part production in additive manufacturing technologies
hinges, to a large extent, on the quantitative understanding of the mechanical behavior of the powder particles
during the application process. Since it is difﬁcult to acquire this understanding based on experiments alone, a
particle-based numerical tool for the simulation of powder application is required. In the present work, we develop such a numerical tool and apply it to investigate the characteristics of the powder layer deposited onto the part
using a roller as the coating system. In our simulations, the complex geometric shapes of the powder particles are
taken explicitly into account. Our results show that increasing the coating speed leads to an increase in the surface roughness of the powder bed, which is known to affect part quality. We also ﬁnd that, surprisingly, powders
with broader size distributions may lead to larger values of surface roughness as the smallest particles are most
prone to form large agglomerates thus increasing the packing's porosity. Moreover, we ﬁnd that the load on the
part may vary over an order of magnitude during the coating process owing to the strong inhomogeneity of interparticle forces in the granular packing. Our numerical tool can be used to assist — and partially replace — experimental investigations of the ﬂowability and packing behavior of different powder systems as a function of material and process parameters.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Additive manufacturing can provide substantial beneﬁts for part production in a broad range of applications compared to conventional machining [7]. By selectively melting layers of powder particles, parts of
nearly arbitrarily complex geometries can be built directly from a threedimensional (CAD) model [19], [47], [15], [25], [48]. In this process, the
powder particles are melted into a mass of desired three-dimensional
shape by using a laser or electron beam, which scans cross-sections generated from a CAD ﬁle on the surface of the powder bed. Once a crosssection is scanned, the powder bed is lowered by one layer thickness
and a new layer of powder material is applied on top. The process is
then repeated until completion of the part production [7], [15].
However, there are important open issues that need to be addressed in
order to make this technology applicable for large-scale production [7]. In particular, the macroscopic characteristics of the produced part, such as porosity,
are largely dictated by the geometric properties of the applied powder bed,
which in turn depend on the mechanical behavior of the granular material
during the coating process. The quantitative understanding of this behavior
is, thus, one essential pre-requisite for developing optimization routes towards improved part quality and shorter production time [1,47]. Indeed,
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this behavior depends not only on the process parameters and the mechanical properties of the material constituting the particles, but also on the complex geometric shape of the individual powder particles.
Therefore, in order to reliably describe the mechanical behavior of
the powder system during the additive manufacturing process, a
particle-based numerical simulation tool, which accounts for a physical
model for inter-particle forces as well as for a representation of the complex geometric shapes of the constituent particles, is required. In the
present work, we develop such a numerical tool, based on the Discrete
Element Method (DEM). We will show that our numerical tool can be
useful to investigate geometric and dynamic aspects of the powder system employed in the manufacturing process, that are inaccessible to or
difﬁcult to investigate by means of experimental measurements.
In particular, we focus on the application process using a roller as
coating device, which is a common application system in many additive
manufacturing devices [22,15,18]. In the present work, we investigate
the surface roughness of the deposited powder bed as a function of process speed, as well as the forces within the granular system emerging
during the transport process. To the best of our knowledge, this is the
ﬁrst particle-based investigation of the load behavior on powder particles during powder application in additive manufacturing. The understanding of this behavior is one important prerequisite for modeling
abrasion, plastic deformation and aging of the material used in the production processes.
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2. Numerical experiments
The powder application process is simulated using the Discrete Element Method, that is, simultaneously solving Newton's equations of
translational and rotational motion for all constituent particles of the
powder [13,35,20,41,45,50,36].

2.1. Model for the complex particles' geometric shapes
One challenge that needs to be addressed for the simulation of the
application process is the modeling of particle shape. Fig. 1a shows an
image of commercially available PA12 [38] powder particles used in
the manufacturing process through selective laser melting [48]. As we
can see, these particles display a diversity of geometric shapes that
strongly differ from the round one. This can be also seen in the light microscope images displayed in the ﬁrst row of Fig. 1b. It is well-known
that granular systems constituted of non-spherical particles behave differently from particulate systems composed of spherical particles [36].
Therefore, the accurate representation of the particle shape is indispensable for the reliable simulation of powder application in additive
manufacturing.
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The complex geometric shape of powder particles is modeled here
by means of the multisphere method, which consists of combining
spherical particles of different sizes to approximate the non-spherical
shape [13], [35], [28], [14], [12], [32]. In this method, each composite
particle leads to a rigid body of complex geometric shape, whereas the
total force on this body is computed by summing up the forces on all
constituent spheres. Moreover, the resulting angular momentum of
the complex particle is obtained from the total torque on all spheres
with respect to the body's center of mass (see e.g. [28]). The second
row in Fig. 1b shows images of composite particles constructed with
the multisphere method to approximate the corresponding particle
shapes displayed in the light microscope images. As we can see in
Fig. 1b, a total of ten different particle samples were taken in the simulations. The chosen two-dimensional shapes (light microscope images
of the real particles) shown in the ﬁrst row of Fig. 1a have aspect ratio
A — that is, length to width ratio — within the range 1 ≲ A ≲ 2, which
is representative of the modeled powder system. Moreover, some of
the real powder particles are L-shaped while others have satellites attached to their surface, and thus we have also modeled sample particles
with L-shape or satellites (see last two particles from left to right in both
rows of Fig. 1b).
However, in order to apply the multisphere method for the simulation of particles of complex geometric shapes, the moment of inertia
of the composite particle must be correctly calculated. In particular,
spheres within a composite particle can overlap since they don't interact
with each other, that is the interaction forces — described below — are
not computed for pairs of beads within the same complex particle. In
our simulations, we compute the mass and the moment of inertia of
each complex particle by explicitly removing the contribution due to
the overlap volumes between constituent spheres, using a recently derived model [32]. We note that the choice of the number and size of
the constituent spheres used to construct the different multisphere particles in the simulations may have some inﬂuence on the results, which
has not been investigated here. However, it has been shown that, for cohesive powder systems, the packing behavior of the granular material is
mainly inﬂuenced by the size distribution and the attractive particle interaction forces [9], [33], which are described in the next section.
2.2. Model for the inter-particle forces
The interactions between spherical particles belonging to distinct
composite particles are calculated by considering both contact forces
and attractive particle interaction forces [36], [33].
The contact forces in DEM simulations can be described using a variety of models, each of which is suitable for a particular particle geometry
and material behavior. Reviews of these models have been presented,
for instance, by [41], [36], [27], and [28]. In our simulations, we assume
viscoelastic interaction in normal direction [6] and employ a modiﬁed
Cundall–Strack model [8] for computing the tangential component of
the contact force [8]. The normal and tangential components of the contact forces read,
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Fig. 1. (a) Commercially available PA12 powder particles of complex geometric shapes;
(b) light microscope images of some of the powder particles (ﬁrst row) and corresponding
particle models using the multisphere method (second row) for implementation in the
DEM. (c) cumulative distribution Q3 and volume density distribution q3 as a function of
the particle diameter.
Courtesy of Maximilian Drexler, Lehrstuhl für Kunststofftechnik, Friedrich-AlexanderUniversity of Erlangen-Nuremberg.
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is the compression of colliding particles, which have radii R1 and R2 and
!
!
are at positions r 1 and r 2 .
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In Eq. (1), e n ≡ ð r 1  r 2 Þ=j r 1  r 2 j is the normal unit vector.
Moreover, the elastic parameter ρ is a function of the effective radius
Reff ≡R1R2/(R1 + R2), the Young's modulus, Y, and the Poisson's ratio ν,
pﬃﬃﬃﬃﬃﬃﬃﬃ
2Y
 Reff :
ρ≡ 
3 1  ν2

ð4Þ

while the dissipative parameter, An, depends on the material viscosities
[6]. It is computed by using a relation between the coefﬁcient of restitution for the collision of two isolated particles and An by means of a Padé
approximation [44], [43], [37] — see [31] for a detailed description of the
calculation method used in our simulations.
Furthermore, in Eq. (2), G is the shear modulus, which is given by the
equation, 2G= Y/(1+ ν), while μ is the Coulomb friction coefﬁcient. The
integral in Eq. (2) is performed over the displacement of the colliding
particles at the point of contact, for the total duration of the contact
[8]. The relative tangential velocity at the point of contact is denoted
!
!
!
by v t ¼ vt e t , with e t standing for the corresponding unit vector.
The tangential dissipative parameter, At, characterizes the surface
roughness of the particles. It is chosen such that the prefactors of the
normal and tangential compression rates ( ξ_ and v ) in Eqs. (1) and
t

(2), respectively, are of the same order of magnitude [42,39], which
gives At ≈ AnY/(1-ν2).
In addition to contact forces, attractive particle interaction forces
must be taken into account in order to simulate the dynamics of the
powder particles. In our simulations, adhesion is taken into account
via the JKR model [24,5,3,10],
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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where γ is the surface energy density [40] and a is the contact radius, related to the deformation ξ through the equation
ξ ¼ a2 =Reff 
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By rewriting Eq. (6) in the form [10],
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an expression is obtained which can be used to compute the contact
radius a analytically as a function of the compression ξ [33].
Moreover, as shown previously [49,33], non-bonded van-der-Waals
interaction force may have a non-negligible inﬂuence on the dynamics
of the powder system. It is given by [17], [11],
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where ξ is given by Eq. (3), Dmin = 1.65 Å is a parameter introduced to
avoid the singularity of the Hamaker equation at ξ = 0 [23,16], and
Dmax = 1 μm is the maximal (cutoff) distance of the van-der-Waals interaction [33]. The intensity of this interaction is characterized by the
Hamaker constant, AH, which is given by [16],
AH ¼ 24 πD2min γ:

ð9Þ

2.3. Numerical integration and model parameters
The integration is performed using the open-source library for DEM
simulations developed by [26] (LIGGGHTS), which has been extended

here to account for the particle model described above. Speciﬁcally,
we have implemented in this DEM library the adhesion and nonbonded van-der-Waals forces (Eqs. (5) and (8)); the computation of
the inertial properties of the complex particles [32], and the model developed by [31] to compute the dissipative constant An of the viscoelastic force model as a function of the material parameters (see Eq. (1)).
The particle size distribution is consistent with the size distribution
of commercially available PA12 powder (see Fig. 1c), whereas the diameter of each geometrically complex particle is deﬁned as the corresponding diameter of the minimum enclosing sphere. Moreover, the
integration time step Δt must be chosen small enough to correctly compute the particle interactions [41]. Here we take Δt about an order of
magnitude smaller than the collision time Tcol associated with the
smallest bead in a multisphere particle occurring in the simulation,
which has a diameter 1.54 μm. The duration Tcol of the collision can be
estimated using the equation [41],
1=5

T col ≈ 3:21ðM eff =ρÞ2=5  vimp

ð10Þ

which is valid for undamped, non-adhesive collisions (An = γ = 0). In
this equation, vimp denotes a reference impact velocity and Meff =
m1m2/(m1 + m2) is the effective mass associated with the colliding particles, which have masses m1 and m2.
The numerical values of the model parameters are given in Table 1.
Note that the particle material density is consistent with the one for
thermoplastic materials, but the Young's modulus used in the simulations — and thus the value of the elastic part of the contact force — is
two orders of magnitude smaller than the real value (about 2.3 GPa
[2]). This is because the computational time Δt required for a DEM simulation decreases with Y, since the particle collision time Tcol scales with
Y-2/5 (see Eqs. (10) and (4)) and Δt must be smaller than Tcol as
discussed in the previous paragraph. Accordingly, in order to maintain
the ratio Y/AH approximately the same, the Hamaker constant AH used
in our simulations is also two orders of magnitude smaller than the
real value (2× 10-20 J [2], [34]). From the value of AH, the surface energy
density γ is computed using Eq. (9). Moreover, using a reference impact
velocity vimp = 1.0 m/s and the parameters mentioned above, we obtain
Tcol ≈7.5 × 10-8 s, and thus we take a time step Δt≈ 10-8 s.
In our simulations, the dynamic boundary conditions associated
with the complex geometry of the device's walls are taken explicitly
into account. By using the interface to CAD programs that is implemented in the DEM library employed in our simulations [26], triangular
meshes can be imported and interpreted as frictional walls for the granular particles. The equations used for calculating the interaction forces
between the powder particles and the frictional walls constituting the
device geometry are the same used for modeling particle-particle collisions, with one of the contact partners being of inﬁnite mass and radius
[33]. Moreover, the same model describing the interaction of the powder particles and the mesh elements constituting the device's wall is applied for computing the interaction between the powder particles and
the spheres constituting the part. Therefore, the boundary condition
on the part is computed considering the full particle interaction
model, including viscoelastic forces, adhesion and non-bonded vander-Waals interactions.
Table 1
Numerical values of the parameters used in the simulations.
Parameter

Symbol

Value

Particle material density
Young's modulus
Poisson's ratio
Coulomb's friction coefﬁcient
Surface energy density
Hamaker constant

Y
ν
μ
γ
AH

1000 kg/m 3
2.3 × 107 Pa
0.40
0.50
0.1 mJ/m2
0.2 × 10-21J
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3. Simulation of the powder application
The coating device is a roller of diameter 2.5 mm, which moves from
left to right in Fig. 2 thereby rotating in the counter-clockwise direction.
In the simulations, periodic boundary conditions are used in the horizontal direction perpendicular to the transport (the y direction). Therefore, a longitudinal cut away from the lateral boundaries of the system
comprising device, coating system and powder bed is modeled. The
width of this cut, that is, the lateral dimension of the simulation volume
in the direction perpendicular to the transport, is 400 μm. Vertical rough
walls (not shown) are placed on both left and right ends of the powder
bed, such that the total length of the volume containing the powder is
about 4.5 mm.
We perform simulations with 5761 complex particles, modeled with
the multisphere method and with the shapes shown in Fig. 1b, comprising a total of 24,771 constituent spheres. The diameter of the minimum
sphere enclosing each of the generated multisphere particles is deﬁned
according to the size statistics of the real powder system, shown in
Fig. 1c. Initially, the volume on both sides of the part is ﬁlled with powder particles and the surface of the part is free of powder. The powder
particles are transported by the roller onto the surface of the part,
which is represented by the green obstacle in the ﬁgure, approximated
with the multisphere method, and has length (in the transport direction) of about 1 mm. Moreover, the lengths of the section before and
after the part are 1.0 mm and 2.5 mm, respectively.
3.1. Dynamics of the load on the part during the application process
Fig. 3 (top) shows one snapshot of the simulation with the particles
color-coded by the magnitude of the total force due to the interaction
with the other particles, the part and the walls of the device. The same
color-coding is applied to the mesh elements composing the roller's
axial wall. As we can see in this ﬁgure, a few particles in the powder
carry large force values whereas most particles are associated with
much lower load. This strongly inhomogeneous behavior of the load
in granular packings is a well-known phenomenon that is due to the formation of force chains in the particulate system. As explained previously, the origin of these chains is the nearly point-like nature of the interparticle contacts, which leads to the emergence of groups of particles
through which most of the stress is transmitted [29], [21], [36]. Particles
in the zones between these chains are shielded for the effect of the particles constituting the chains, thus being subjected to lower stress.
Due to the dynamics of force chains in the packing, there are strong
spatial and temporal ﬂuctuations in the forces exerted by the granular
material on the coating system and the part that is being built. Indeed,
it can be seen in the snapshot of Fig. 3 (top) that the forces on the
mesh elements of the roller's walls are quite inhomogeneously

Fig. 3. Snapshots of the powder application process onto the part (in green). In the snapshot on top, the powder particles, as well as the mesh elements composing the roller geometry, are color-coded by the magnitude of the total forces due to the interaction with
their neighboring particles (including contact and cohesive forces). Bottom: Magnitude
of the vertical and horizontal components (Fz and Fx, respectively) of the total force Fpart
exerted by the granular particles on the part as a function of time — which is quantiﬁed
by the position of the roller relative to the part in the snapshots along the horizontal axis.

distributed. Moreover, the plot in Fig. 3 (bottom) shows the evolution
of the magnitude of the components of the total force on the part in
the horizontal and vertical directions (Fx and Fz, respectively), as a function of time. In the plot, the time is represented by the position of the
roller as it moves in the transport direction and applies the powder
onto the part — the corresponding snapshots are shown on top of the
plot. As we can see, both components of the forces display strong variations in time. In particular, as the roller moves above the part, the vertical component of the total force on the part may vary within almost one
order of magnitude. Clearly, our simulations display the ability to quantitatively assess the spatial and temporal evolution of the load in the
powder bed.
That the load on the particles within a granular system under shearing or compaction may vary signiﬁcantly both over time as well as within the packing (due to the formation of force chains as explained above)
is a well-known result, which is observed for different types of granular
materials [4]. Therefore, the precise choice of the parameters should not
inﬂuence the inhomogeneous behavior of Fx and Fz observed in our simulations. However, quantitatively, the dynamics of force chains in granular materials may be inﬂuenced by the material properties, in
particular not only by the Young modulus but also by the Hamaker constant and friction coefﬁcient. Therefore, the study illustrated in Fig. 3
should be now extended to investigate the role of the aforementioned
relevant parameters on the dynamic behavior of the load distribution.
Moreover, the numerical simulations can be also applied to investigate,
for example, which particles contribute mostly to the force chains by
computing the histograms of the magnitudes of the forces for the different particle shapes and material properties. Indeed, we note that the
lack of ﬂowability and high porosity of powder systems is not only inﬂuenced by particle shape but also — and mainly [9] — by the cohesive
inter-particle forces.
3.2. On the packing behavior of the applied powder

Fig. 2. Snapshot of the simulation indicating the main elements of the powder application
process. The roller moves from left to right thereby rotating in the counter-clockwise direction. Periodic boundary conditions are applied in the horizontal direction perpendicular to the transport, while particle motion is constrained by the presence of rough vertical
walls (not shown) on the left and right ends of the simulation area.

One fundamental aspect in the manufacturing process is the homogeneous distribution of the powder material on the part. As a matter of
fact, the surface of the deposited bed is typically far from being ﬂat and
may display many undulations (or ripples). This behavior, which is due
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to the poor ﬂowability of the cohesive material used in the manufacturing process, may lead to low part densities and the occurrence of defects
both at the interior as well as at the surface of the part produced after
the melting process. It is thus desirable to avoid this inhomogeneous
packing behavior, which is challenging especially considering the low
powder layer thickness that is typically deposited.
Therefore, it is necessary to understand how the process dynamics
affect the packing behavior of the powder bed at the particle level.
This is important because the global packing properties of particulate
ensembles are largely dictated by local packing characteristics, which
in the case of powder layer formation in additive manufacturing are
very difﬁcult to assess experimentally. We thus apply our numerical
tool to perform the ﬁrst investigation of this behavior, using DEM simulations. Speciﬁcally, we perform simulations of the powder application
using different velocities of the coating system in order to investigate
how the production speed affects the powder layer. In the simulations,
we consider the application of one layer of powder material. This application process is completed when the roller moved over the entire surface of the part from left to right in Fig. 3b, and the particles on top of the
part came to rest. Once the deposition process is completed and the coat
formed onto the part, the characteristics of the powder bed are investigated as described below.
Fig. 4 shows snapshots of the powder bed after deposition by the roller
for two values of the translational velocity VR (20 mm/s and 180 mm/s),
which are well within the values typically employed in the production
process (see e.g. [22]). In the snapshots on top, the side view of the granular layer is shown (the left and right snapshots are for VR =20 mm/s and
VR =180 mm/s, respectively), while the top view of each packing layer is
shown in the bottom.
From Fig. 4, it is clear that a higher process speed leads to a looser
packing, with the occurrence of larger voids between the particles and
also a surface with larger undulations. This result can be understood
by noting that the higher the velocity of the roller the more difﬁcult it
is for the particles to ﬁll the voids that form during the transport thus
leading to a higher packing fraction.
In order to quantitatively describe the topography of the powder
bed, we compute the surface roughness δ of the deposited powder
bed, which is deﬁned as the standard deviation of the height proﬁle of
the powder bed's cutout — its projection onto the vertical plane parallel
to the transport direction. Speciﬁcally, the projection of the powder
bed's cutout onto the xz-plane (see upper right-hand corner of Fig. 2
for coordinate system) deﬁnes a two-dimensional (longitudinal) proﬁle, h(x), associated with the powder bed. This height proﬁle h(x) is deﬁned as the upper boundary of the surface of the powder bed projected
on the xz plane. Indeed, as can be seen from the side view of the packing
layers shown in Fig. 4a,b, the height proﬁle resulting from this projection displays undulations that are associated both with the complex
packing structure of the powder and with the complex geometric
shape of the single particles composing the powder. The surface roughness, deﬁned as the standard deviation of this proﬁle, provides, thus,

Fig. 4. Powder layer applied onto the part to be built (green). (a) and (b) denote the side
views of the powder layer obtained with VR = 20 mm/s and 180 mm/s, respectively;
(c) and (d) are the top views of the particles, again for VR = 20 mm/s and 180 mm/s,
respectively.

one measure that can be used to quantitatively describe the packing
characteristics of the applied powder.
The dependence of the surface roughness δ on the coating velocity
VR is shown in the main plot of Fig. 5. In this ﬁgure, simulation results
obtained with the original size distribution displayed in Fig. 1c are denoted by the ﬁlled circles. We see that the bed roughness increases monotonously with the coating speed. The continuous line in this plot
denotes the best ﬁt to the simulation data using a quadratic equation,
δðV R Þ ≈ a þ b jV R j2

ð11Þ

which gives with a ≈ 6.05 μm and b≈ 0.00039 μm, with δ in μm and VR
in mm/s. As we can see, this expression captures quantitatively well the
behavior of the surface roughness with the roller's velocity. Obviously,
the values of the ﬁt parameters are not universal since they depend fundamentally on the material properties and the geometric characteristics
of the coating system, and thus further research is needed to elucidate
the role of material and process parameters on the packing characteristics. Nevertheless, the results of our simulations suggest that measures
of process optimization based on increasing the coating speed alone
may cause a decrease in particle distribution homogeneity and, consequently, a reduction in part quality — that is, in terms of production efﬁciency and quality, faster may not be better. To the best of our
knowledge, there is no experimental investigation of the surface roughness as a function of VR, which could be used to conﬁrm our ﬁndings.
However, that process speed can negatively affect the homogeneity of
the deposited powder layer in additive manufacturing has been clearly
shown in previous experimental investigations — for instance for the
case of powder lines deposited by a nozzle [46].
Moreover, is it possible to modify the packing characteristics by
changing the particle size distribution of the applied powder? To
address this question, here we perform simulations with the same powder particles modeled in Fig. 1, but with a different size distribution.
Speciﬁcally, we remove from the size distribution of Fig. 1c all particles
with diameter smaller than 60 μm, and perform simulations using the
same volume of powder as before. We obtain a surprising result. Even
though the particles of this new distribution are much coarser than in
the original powder, the values of surface roughness for the modiﬁed
powder — denoted by the diamonds in Fig. 5 — are smaller than for
the original one (cf. 5).

Fig. 5. The ﬁlled symbols denote simulation results for the roughness δ of the powder layer
deposited on the part as a function of the translational velocity of the roller (VR), using the
original size distribution of Fig. 1c. The roller's rotational velocity in the simulations is
165 rpm. Error bars stem from an average over 3 longitudinal slices of the powder, each
of width Ly/3, where Ly = 400 μm is the width of the system in the transverse direction.
The continuous line denotes the best ﬁt to the data using Eq. (11), which gives
a≈6.05 μm and b≈0.00039 μm. The empty diamonds denote simulation results for the
modiﬁed version of the size distribution of Fig. 1c, after removing all particles smaller
than 60 μm.
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This result is, indeed, unexpected because it is known that in an agitated polydisperse granular bed, small particles tend to ﬁll the voids between the big particles, thus contributing to decrease the porosity of the
packing [36]. However, for powders the situation may be very different
since the smallest particles are most prone to form large agglomerates
due to the increased relevance of attractive particle interaction forces,
relative to particle weight [49], [33]. Indeed, it was recently shown,
both experimentally and by means of DEM simulations, that the porosity of ﬁne powders increases with decreasing particle size [33]. Due to
the strong attractive particle interactions, the small particles are
transported as large agglomerates of irregular shapes and different volumes, rather than ﬂowing as single particles. Consequently, as the roller
moves over the part, the surface roughness of the applied powder is
largely affected by the shape and size characteristics of the particle agglomerates, and thus by the particle size distribution.
4. Conclusions
We developed a numerical tool for particle-based simulations of
powder application in additive manufacturing devices under consideration of complex particle geometric shapes. We applied our model to investigate the transport of powder particles using a roller as coating
system, and we found that the process speed plays an important role
for the packing characteristics of the applied powder. Speciﬁcally, our
simulations predict a quadratic scaling of surface roughness of the powder bed deposited onto the part with the roller velocity. Moreover, we
have also found that a strong polydispersity may lead to larger surface
roughness due to the tendency of very small particles to form large agglomerates as a result of attractive particle interaction forces. Finally, we
have also shown that the temporal evolution of the force exerted by the
granular material on the part during the transport process is characterized by strong ﬂuctuations, owing to the dynamics of force chains that
are inherent to granular materials.
Our simulations should be now extended to investigate how the results presented here change when a vertical pressure is exerted by the
roller on the powder, as well as by considering more realistic boundary
conditions associated with the part (e.g. to include viscosity associated
with the molten polymeric particles). However, the present study clearly shows that it is possible to achieve determined powder layer characteristics not only by tuning process parameters like the roller's speed
but also by modifying the particle size distribution of the applied
powder.
To the best of our knowledge, there is no experimental investigation
of the microscopic aspects of the powder transport dynamics investigated here, which could serve to verify our numerical predictions. Therefore, while our numerical tool has proven to quantitatively reproduce
the ﬂowability of experimental powders with a broad range of size
distributions — consistent with the size range of powder particles
used in additive manufacturing [33] — it would be interesting to experimentally study the powder application characteristics investigated
here in order to conﬁrm our simulation results.
Our model should be now extended in order to include electrostatic
interactions, which could play an important role for the dynamics of
powder systems [30]. This modeling should account not only for the
long-range Coulomb interactions between charged particles but also
for the complex — and still poorly understood — mechanism of
tribocharging. Considering the many complex types of inter-particle
forces and particle shapes, the Discrete Element Method provides an indispensable tool in the investigation of the inﬂuence that particle characteristics and interactions have on the (macroscopic) mechanical
behavior of the bulk.
The future application of our numerical tool may be helpful for developing optimization strategies for process and particle characteristics
with regard to packing behavior and ﬂowability of the applied powder.
For instance, how do geometry and surface texture of the coating device
inﬂuence the porosity and surface roughness of the deposited powder
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layer? Moreover, how could mechanical vibrations be applied to the
system in order to achieve size segregation or compaction in the powder bed? Is it possible to obtain prescribed gradation properties in the
powder bed by suitably designing the dynamic boundary conditions
(coating system, vibrations) and mixing powder systems of different
shape and size distributions? These are a few examples of a broad
range of questions that call for particle-based simulations of the application process, and which we shall address in the future by applying the
numerical simulation tool presented in this work.
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