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Understanding the mechanical behavior of powders used in additive manufacturing is a fundamental aspect to
improve the quality and reliability of final parts. In this context, the role of particle shape for the powder bed
quality is still not completely understood and sometimes overlooked. In this study, we propose a novel method to
generate multisphere or clump representation from bi- or tridimensional templates of arbitrarily shaped particles. Particles from powders typically used in additive manufacturing, polyamide 11 (PA11) and polyamide 12
(PA12) are scanned (X-ray tomography) and used as prototypes for multisphere representation. Additionally,
templates of modified PA11 particles (rounded through precipitation process) and SEM images of PA12 particles
were used in multisphere reconstruction and further investigated. The multisphere representations retains not
only most of the original template volume but also form factors associated with flowability characteristics –
aspect ratio, flatness ratio, and elongation ratio. Using multisphere representations of the aforementioned
powders, realistic discrete element method (DEM) simulations of the recoating step in additive manufacturing
process are performed. The speed of the recoating mechanism follows realistic process velocities (100–250 mm/
s). Packing density and roughness of powder beds are measured as a function of the recoating speed for different
samples. Our results show that low aspect ratio (elongated) particles tend to form more compact layers of
powders at lower recoating velocities. For higher recoating velocities, spherical particles perform better than
elongated particles, due to better flowability characteristics. There is a clear dependency of recoating velocity
and ideal particle shape for the deposition process, in contrast with the common assumption that spherical
particles always perform better and should always be preferred.

1. Introduction
Parts of arbitrary complex shapes can be manufactured by melting
sequentially deposited layers of fine particles [1]. This technique is
called selective beam melting additive manufacturing and has become
more and more important for many industrial sectors in the last years.
However, restrictions such as processing speed and product quality in
beam-based additive manufacturing processes still limit the technology
from a broader range of applications [2].
Improvements in the quality of finished parts and reduction in
manufacturing time requires a broader understanding of the mechanical behavior of fine particles composing the layers of powders deposited during the manufacturing process [3]. Particle-based numerical
simulations are a valuable tool to predict the mechanical behavior of
powders and have been recently employed by several authors to obtain
crucial information to understand the role of powder in additive
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manufacturing process [4–7]. In [6] it is investigated the influence of
the shape of the blade used in the recoating step in the quality of the
recoated powder layer. The formation of jamming and empty patches is
investigated using numerical simulations of non spherical particles in
[5]. In [4] mechanisms like shear induced dilation were identified to
have a direct influence in powder bed quality during the investigation
of process parameters such as recoating speed and layer thickness. In
[7] realistic particle-based simulations were performed for different
recoating velocities, and an expression to describe powder bed roughness as a function of the recoating mechanism velocity was derived.
Particle shape have a large influence in the behavior of granular
material. Some distinct outcomes such as particle alignment and interlocking are only observable when dealing with non-spherical particles [8], and some granular properties such as angle of repose and
packing fraction are highly dependent on particle shape [7,9–11]. The
role of shapes of different polymeric powders used in the additive
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manufacturing is still poorly explored. The goal of powder layer deposition is to obtain homogeneous powder layers with high density and
low roughness to improve part quality and process speed. Particles of
irregular shape are known to have poorer flowability compared to
spherical particles [12], however packing fraction increases for shape
anisotropic particles when compared to spherical particles [8]. As reported in [13], ellipsoids can randomly pack up to ϕ = 0.68 for aspect
ratios near 0.6 (oblate shapes) and ϕ = 0.71 for aspect ratios 1.5
(prolate shape), and even approach ϕ = 0.74 for ellipsoids with other
aspect ratios. Randomly packed spheres, as comparison, reach a maximum pack of ϕ = 0.64.
In this work we investigate the role of particle shape in the quality
of the powder layer. For this task, we developed a method to generate
optimized multisphere representations of real particles, obtained
through X-ray tomography. These particles are reconstructed in the
proposed multisphere framework, retaining the form factors of the
original particles while using a relatively low number of spheres for
multisphere representation, allowing us to investigate multiple scenarios involving hundreds of thousands of particles.

of a Delaunay tetrahedra, one has to solve the following determinant
[30,31]:

(x 2 + y 2 + z 2 )

x

y

z 1

(x12 + y12 + z12) x1 y1 z1 1
(x 22 + y22 + z22) x2 y2 z2 1

= 0,

(x 32 + y32 + z32) x3 y3 z 3 1
(x42 + y42 + z 42) x 4 y4 z 4 1

(1)

with x1, y1, z1 … z4 the coordinates of the vertices of the tetrahedra.
Prior to accepting the generated sphere, we check for noncoplanarity of
the tetrahedra points, since Eq. (1) has a unique solution as long as the
vertices are not coplanar. Eq. (1) can be rewritten in terms of the minors
[30,31] of the matrix (Mij) in the form:

(x 2 + y 2 + z 2) M11

xM12 + yM13

zM14 + M15 = 0,

(2)

where Mij is the determinant of 4 × 4 matrix generated by eliminating
line i and column j from the matrix (1). Eq. (2) is then factorized in
terms
of
the
general
equation
of
a
sphere,
(x − x0)2 + (y − y0)2 + (z − z0)2 = r2, and we find the centroid and
radius of the sphere as [30,31]:

2. Multisphere method
The discrete element method (DEM) is a particle-based numerical
technique that describes the translational and rotational motion of N
individual particles by means of integration of Newton's equation of
motion [14–16]. Collisions between particles are described by a physical model which relies on inter-particle parameters, particle size and
shape to simulate realistic granular behavior [17–21].
The complex shape of the particles are modeled here by means of
the multisphere method, which consists of representing an arbitrary
shape by attaching multiple overlapping spheres forming a single body,
and was firstly described by Favier et al. [22]. This method is computationally efficient for the detection of collisions, however the level of
fidelity in representing the original particle shape depends upon the
number of spheres and their spatial distribution. Different approaches
have been proposed to represent the particle shape by means of the
multisphere method [23–25]. For example, in [23] large amount of
small spheres are used to represent the particle shape and capture the
boundaries of the particle, while larger spheres are used to represent
the inner body of the particle. Very good volume covering and moment
of inertia is obtained with this method. The method proposed in [24]
consists of creating small overlapping spheres, which are then set to
grow until they touch the surface of the particle. The original moments
of inertia could be reproduced with good accuracy by the obtained
multisphere representation.
Current multisphere methods are mostly focused in representing the
surface, volume or moments of inertia of the original particle. The
approach here adopted attempt to conserve most of the original volume
and shape characteristics (form factors) known to affect the particle
flow [26] – aspect ratio (AR), flatness (FL) and elongation (EL).

x 0 = M12/(2M11),

(3)

y0 =

(4)

M13/(2M11),

(5)

z 0 = M14 /(2M11),
r=

x 02 + y02 + z 02

M15/M11 ,

(6)

2.2. Multisphere method from SEM images
The former method can also be slightly modified into a pseudo 3D
approach, where tridimensional multisphere models are generated from
images of particles. We start with a scanning electron microscope (SEM)
image of a particle, detect the boundaries of this particle and use the
coordinates of the boundary points (pixels) to perform a Delaunay triangulation of this image. Using the 3 vertices of a Delaunay triangle, we
obtain an unique circumcircle by solving following determinant
[28,31]:

(x 2 + y 2 )

x

y 1

(x12 + y12 ) x1 y1 1
(x 22 + y22 ) x2 y2 1

= 0,

(x 32 + y32 ) x3 y3 1

(7)

with x1, y1 … y3 the coordinates of the vertices of the triangle. Prior to
accepting the generated circle, we check for noncolinearity of the
points, since Eq. (7) has a unique solution as long as all points are not
colinear. Eq. (7) can be rewritten in terms of the minors [31] of the
matrix (Mij) in the form:

2.1. Multisphere method from X-ray tomography surface

(x 2 + y 2 ) M11

For the proposed multisphere reconstruction we use maximal
spheres, largest spheres to fit inside an object, therefore minimizing the
number of spheres necessary for this reconstruction. This method is
based on the ideas described by [27].
Starting from a tridimensional surface of an arbitrarily-shaped
particle (e.g. obtained through X-ray tomography) discretized into triangles (StL triangulation), we perform a standard Delaunay tetrahedralization using the coordinates of the triangles. The 4 vertices of
each Delaunay tetrahedra generated in this process are then used to
obtain unique circumscribed spheres [27]. The spheres obtained in this
process are the largest spheres to fit inside an object (maximal spheres),
as the center of those spheres lay mostly on the mid plane of the 3D
object [28,29]. To obtain the circumscribed sphere from the 4 vertices

xM12 + yM13

M14 = 0,

(8)

where Mij is the determinant of 3 × 3 matrix generated by eliminating
line i and column j from the matrix (7). Eq. (8) is then factorized in
terms of the general equation of the circle, (x − x0)2 + (y − y0)2 = r2,
and we find the coordinates of the center and the radius of the circle as
[31]:

x 0 = M12/(2M11),

y0 =
r=

M13/(2M11),
x 02 + y02

M14/ M11 ,

(9)
(10)
(11)

The sequential steps of the described method are illustrated in Fig. 1.
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Fig. 1. Multisphere reconstruction from a SEM image. In (a) is the SEM image
of the particle. In (b) the contour (boundaries) of the SEM image are detected
and shown as the blue pixels in the image. Boundary pixels coordinates are used
to perform a Delaunay triangularization. Only a few of the Delaunay triangles
are shown for better visualization. The circles circumscribed to the Delaunay
triangles are shown in (c). The circles are further converted into spheres by
adding a third coordinate (Z coordinate = 0) to the centroid of the circles, resulting in a pseudo 3D multisphere reconstruction of the particle, as shown in
(d).

2.2.1. Multisphere reconstruction optimization – simplified representations
Applying the described method to an image or X-ray reconstructed
surface results in a multisphere representation with shape and volume
virtually identical to the original particle. However, this multisphere
particle is composed of a prohibitive large number of constitutive
spheres – in the order of 103 to 104 spheres, depending on the level of
discretization of the StL surface or the image resolution.
To overcome this problem, we employ an optimization step to systematically reduce the number of spheres used in the multisphere representation. The optimized representations should, however, retain
the main form factors of the original particle within an error of 5%,
while conserving the volume to similar error. The form factors are divided into elongation ratio (EL), flatness ratio (FL) and aspect ratio
(AR), and are defined as:

EL =

I
;
L

FL =

S
;
I

AR =

S
L

Fig. 2. Real particle reconstructed through the proposed multisphere generator.
(a) X-ray computer tomographic surface (CT) reconstruction. (b) Discretization
of the CT surface into a triangulated (StL) surface. (c) All spheres that are
generated with the proposed method. For this particular particle 3775 were
generated, however the number of spheres is a function of the refinement
(number of triangles) of the triangulated mesh. In (d) is shown the optimized
representation with a total of 37 spheres used in the multisphere reconstruction.

2.3. Multisphere reconstruction of regular shape particles
The developed method is initially used to obtain optimized multisphere representations of regular shape particles, to verify the quality of
the multisphere reconstruction. For this task, 7 particles were created in
CAD program with defined deformation ratios. Particles are 211, 221,
311, 321, 322, 331 and 332, where the digits in their names denote the
length of the largest, intermediate and shortest dimension of the particle, respectively. The 3D surfaces and their respective optimized
multisphere representations are shown in Fig. 3.
The form factors and volume of the regular shape particles with
defined deformation ratios are plotted and compared with their respective CAD template in Fig. 4. The error in capturing the volume of
the original particle is shown in Fig. 5. The number of spheres used in
the optimized multisphere representation varies from 21 (particle 221)
to 39 (particle 321), with an average of 30 spheres per particle template.

(12)

with S, I and L denoting the smallest, intermediate and longest dimensions, respectively. The algorithm read as following:
1. cluster the coordinates of the centroid of all spheres using the kmeans [32] algorithm. The initial number of clusters is set to 2;
2. select the largest sphere of each cluster;
3. calculate AR, EL and FL for the current multisphere and compare to
the values obtained for the original multisphere representation
without any simplification (described in the previous section);
(a) if the difference between the optimized and original multisphere
is more than 5% for any of the form factors, increase the number
of clusters and return to step 1.
(b) if the centroid of all spheres are located inside one of the selected spheres within a margin of error larger than 2%, increase
the number of clusters and return to step 1.

2.4. Multisphere reconstruction of powders used in additive manufacturing
The second step is the reconstruction of real powders used in additive manufacturing through the multisphere approach. Samples from
commercial polyamide 11 (PA11), modified PA11 and commercial
polyamide 12 (PA12), referred respectively as S1, S2 and S3, were
obtained. Modified PA11 consists of commercial PA11 subjected to liquid-liquid phase separation and precipitation [33] to increase its
sphericity. The scanning and surface reconstruction process is completed using the X-ray Computed Tomography (CT) setup available in
our institute [34], built up with a 160 kV X-ray tube allowing us to take
tomographies with a spatial resolution of better than 2 μm. Particles of
samples S1 and S2 were poured on a adhesive tape and scanned in the
X-ray CT. For sample S3, prior to scanning, a thin layer of gold was

The criteria adopted in step (b) results in a good covering of the
volume of the original particle (less than 6%). More rigorous treatment
could involve the calculation of the volume of each intermediate representation and comparing with the original volume. We opted for the
aforementioned criteria as it was faster to calculate, and our focus is on
the correct representation of the particle form factors. We employed the
Minimal Bounding Box (MBB) method described in [26] to calculate the
values of S, I and L for an arbitrary shaped particle randomly oriented.
In Fig. 2 one can see a particle which was scanned through X-ray tomography, reconstructed through the multisphere approach and further
optimized using the described algorithm.
3

Additive Manufacturing 36 (2020) 101421

D. Schiochet Nasato and T. Pöschel

Fig. 3. Regular shape particles with defined deformation rates (a) 3D surface
generate in a CAD program. (b) Multisphere representation of the aforementioned particles. From left to right, top to down: particles 211, 221, 311, 321,
322, 331 and 332, where the digits of their names indicate the largest, intermediate and shortest dimension of the particle, respectively.

sputtered on the particles of PA12 to increase the contrast in the CT
between particles and tape. After the tridimensional reconstruction of
the sample, particles were measured and those laying outside the
measured particle size range (see e.g. Fig. 12) were discarded, to avoid
that agglomerates could be selected instead of isolated particles. From
the remaining surfaces, 10 particles were randomly selected from each
of the samples S1 to S3.
Using the surfaces of the 10 particles selected for samples S1 to S3, a
multisphere reconstruction took place for those particle using the previously described method. The powder model S4 was generated similarly to models S1 to S3, except that 10 SEM images from PA12 were
used as base templates for multisphere reconstruction. Some of the
particles of each sample are shown in Fig. 6.
In Fig. 7 are compared form factors calculated for the multisphere
model using all spheres (before the optimization step) with the optimized representation, reconstructed from the PA12 sample (S3). Values
for the 3D surface are not shown, as they deviate less than 1% of those
values shown for the multisphere representation using all spheres. As
expected, form factors are well represented with errors no larger than
5%, given the constrains imposed to the multisphere method. Error
introduced in volume representation due to the simplification step are
smaller than 6%, as shown in Fig. 8. In addition to volume, the ability of
capturing inertial properties using the proposed method was verified.
The principal moments of inertia of the optimized multisphere representation are compared to those obtained from the scanned particle
template for sample S3. The errors are below 11% and can be seen in
Fig. 9.
Average values of AR, EL and FL calculated from all spheres as well
as optimized representation for powder models S1 to S4 are shown in
Fig. 10. Powder models S1 and S2 exhibit similar values of EL, FL and
AR. We can notice that the optimized multisphere representation introduces only small errors in capturing the form factors. Here are shown
the average, maximum and minimum values of form factors for the
aforementioned samples. This gives a better indicative of the quality of
the multisphere reconstruction then average values and standard deviation.
Powder model S1 and S2 have similar values of form factors,
however one can clearly see that aspect ratio and flatness are much
larger for sample S2 compared to sample S1, corroborating with the fact
that sample S2 was preliminary treated to increase its roundness.
Elongation is also slightly larger for sample S2 compared to sample S1.
As a reminder, for a perfect sphere all form factors would be 1.

Fig. 4. Form factors calculated for the 7 particles generated with defined deformation ratios. Values of flatness ratio, elongation and aspect ratio are plotted
for the all spheres (before the optimization) and optimized multisphere reconstruction and compared against their respective values for the CAD template.
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Fig. 6. Multisphere reconstruction of particles used in additive manufacturing.
From left to right: original template (CT scan or SEM image), all spheres (before
optimization) and optimized multisphere representations. In (a) is the S1
sample (PA11). In (b) are shown particles of the S2 sample, PA11 powder
rounded through precipitation. Particles of sample S3 (PA12) are shown in (c)
and in (d) is the sample S4 – PA12 reconstructed from SEM images. Below every
particle is written the number of its constitutive spheres.

Fig. 5. Volume calculated for optimized multisphere of 7 particles generated
with defined deformation ratios and compared with the values of volume for
the respective CAD template.

distribution. The numerical values of the parameters used in the simulations are described here [7] and are reproduced in Table 2 for
simplicity. Hamaker constant for PA12 can found in [35]. Particles in
the powder bed and reservoir regions are created using a rain-like algorithm, where particles are slowly deposited with randomized orientation.
The parameters were chosen as to reproduce mechanical properties
of virgin PA12 2200, and a comparison of the static angle of repose
using different frictional parameters is show in Fig. 13. As realistic
particle shapes are used in our simulations, no model for rolling resistance is used, and therefore only the coefficient of Coulomb's friction
have to be properly chosen. The simulation follows the norm DIN ISO
4324 [36], and a down scaling of 20 is applied to the dimensions of the
virtual experiment to make the size of the simulations realizable. Using
a coefficient of friction of 0.5 we found an angle of repose of
32.66 ± 0.94 degrees. This is in good agreement with experimental
findings [37] of 32.1 ± 1.5 degrees for virgin PA12.

Models S3 and S4 differ quite significantly from each other. This is
expected, as sample S4 was generated from simple images (only X and Y
pixels coordinates), with no tridimensional (Z coordinates) information.
The third dimension (Z coordinate) of the constitutive spheres is set to
0. This explains the large value of flatness for the sample S4, as particles
are artificially rounded.
The average error for each form factor introduced by the optimized
multisphere representation can be seen in Table 1 for samples S1 to S4.
These errors are calculated by the averaging of all 10 particles used in
each sample, and remain below 4%.
2.5. Simulation method
The interactions between the multisphere particles are calculated
considering contact forces and cohesive (attractive) forces. For the
contact forces, particles interact through a viscoelastic force model in
normal direction and a modified Cundal-Strack model in the tangential
direction. Adhesive forces are computed by the JKR model, in addition
to non-bonded van-der-Waals forces. The details of the contact and
adhesive force model are described in [7], and the validation of the
surface forces are provided in [15].
Mass and tensor of inertia of multisphere particles are obtained by
Monte-Carlo method. A large number of trial points (106 in our case)
are generated within a bounding box and the fraction that fall within
the bounds of the multisphere particle is calculated, thus obtaining the
fraction of the box occupied by the multisphere particle. In this process,
points are immediately marked when located inside one of the constitutive spheres. This procedure avoids that overlapping volumes are
considered twice in the calculations. The inertia tensor can be calculated similarly using the same set of points.
For this study, a standard blade is used as recoating mechanism. The
simulation domain is shown in Fig. 11. Periodic boundary conditions
(PBC) are used in the lateral directions (Y axis in Fig. 11). This is a
realistic approach that provides a lateral condition similar to an infinite
large system. Furthermore, no particles are lost in our system. If a
particle happens to fully leave the domain in one face of the PBC region,
it is automatically recreated on the other parallel face of the PBC region. For a fair comparison of the particle shape effects, the particle size
distribution adopted is the same for all samples (S1 to S4) and was
measured experimentally from a sample of PA12 powder – see Fig. 11.
Each of the powder samples (S1 to S4) is constituted of 10 multisphere
particles, and each of these particles follow the aforementioned size

3. Effect of particle shape on the roughness of the powder bed –
experimental validations
To validate the numerical simulations of the recoating process, we
measured the surface roughness of a recoated layer of virgin PA12
powder. The evaluation of the powder roughness has been proved by a
surface measurement of several single layers of PA12 powder. The recoating blade dispenses the powder with a thickness of 120 μm and a
recoating speed of 100 mm/s. As shown in Fig. 14, the surface measurement is done by a projection of a planar, periodical and equidistant
structured pattern on the recoated layer. The fringe projection measuring method is implemented by an optical ATOS Compact Scan 2M
sensor, which is based on the principle of triangulation. At this point the
powder layer is detected with two angled cameras from different observation directions to detect each surface point [38]. In addition, reference points are necessary for the optical observation to match the
translational location of the powder in relation to the global coordinate
system. The following surface studies are analyzed by TalyMap Platinum software to calculate the roughness parameters. The experimental setup is shown in Fig. 14.
On the numerical side, surface roughness was evaluated numerically
for the simulated cases using samples S3 and S4 – PA12 powder reconstructed from X-ray CT surfaces and SEM images, respectively. The
topography of the powder bed was obtained by calculating the standard
deviation of its height profile. The powder bed was cut into 3 slices –
these slices are the projection of the particles onto the vertical plane
5
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Fig. 8. Error introduced in the volume of the multisphere representations of 10
different particles of PA12. Errors are calculated for the optimized multisphere
reconstruction.

Fig. 9. Error introduced for the principal moments of inertia of the multisphere
representations for each of the 10 different particles of PA12. Moments of inertia are calculated for the optimized multisphere reconstruction and compared
with those obtained from the scanned PA12 particles.

The upper boundary of this profile, Z(x), describes the surface topography of the powder bed projected on the XZ-plane. The surface
roughness is obtained through 2 different definitions, Ra and Rq. Rq is
defined as the quadratic average (standard deviation) of this profile,
and Ra is the arithmetic average. Results are shown in Fig. 15.
3.1. Effect of particle shape on the roughness of the powder bed – systematic
investigation
We now investigate the effects of EL, FL and AR in the recoating
process using all samples generated using the multisphere method.
Optimized multisphere representations are used in all cases. We simulate the recoating process using samples S1 to S4 and recoating velocities of 100, 150, 200 and 250 mm/s. Additionally, recoating of single
spheres was simulated for comparison purposes. Fig. 16 shows snapshots of the powder bed after the deposition of a powder layer by the
standard blade at a translational velocity of 100 mm/s. Packing density
and roughness are evaluated as far as possible from the reservoir, to

Fig. 7. Form factors calculated for 10 particles of PA12 for the multisphere
representation using all spheres and the optimized representation.

parallel to the transport direction, they are normal to Y direction and
parallel to the XZ plane – see coordinates indicated in Fig. 11.
Particles contained in these slices, when projected onto the vertical
plane, define a two-dimensional profile associated with the powder bed.
6
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Table 1
Average relative errors (in %) introduced in the optimized multisphere representation for samples S1 to S4.
Sample

S1

S2

S3

S4

FL [S/I]
EL [I/L]
AR [S/L]

2.06
2.46
3.47

2.13
1.90
2.77

2.36
2.08
3.38

1.80
1.78
3.25

Fig. 11. Snapshot of the simulation setup used in the numerical simulations,
indicating the main regions and dimensions of the simulation domain. Periodic
boundary conditions (PBC) are used in Y direction.

Fig. 12. Cumulative size distribution measured experimentally. Each particle
template of the sample used in the numerical simulations follows this experimental curve. All samples evaluated (S1 to S4) follows this size distribution.

allow particles to properly settle down after being accelerated by the
blade. This region is marked with a blue box in Fig. 16. From the
snapshots one can clearly see the differences in the shapes of the analyzed material samples.
The simulation values of roughness (Rq) for different samples are
Table 2
Numerical values used in the contact models for the DEM simulations
using the different powder models.

Fig. 10. Symbols indicate average form factors calculated from 10 particles and
the respective maximum and minimum values obtained for the specific sample.
In (a) are shown values for powder model S1. In (b) are shown values for
powder model S2 (same material of powder model S1 but with a surface
modification process). In (c) is shown are show values for powder model S3.

7

Parameter

Value

Particle density
Young's modulus
Poisson's ratio
Coefficient of Coulomb's friction
Surface energy density
Hamaker constant

1000 kg/m3
5 × 107 Pa
0.4
0.5
0.1 mJ/m2
0.2 × 10−21 J
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Fig. 13. Measurement of the static angle of repose in dependence of the coefficient of static friction. The angle was measured in 4 different locations in
every simulation. The average values and their respective standard deviation
are plotted.

Fig. 15. Validation of numerical simulation results. Experimentally measured
and the numerically simulated results for surface roughness. We compare the
numerical simulation results using the samples S3 and S4. For both cases, the
multisphere optimized representation was used.

shown in Fig. 17. Here we see interesting results, as for every recoating
velocities we found the largest values to be either the spherical case or
the sample S2 (rounded PA11). Samples S1, S3 and S4 have similar
results (within the standard deviation) of roughness. For recoating velocities of 250 mm/s, the roughness of sample S1 is significantly larger
than samples S3 and S4. It is also the case that sample S3 and S4 have
the lowest values of aspect ratio and elongation ratio. We speculate but
don’t prove here that this may be related to alignment properties of
these particles, which may lead to a more smooth surface.
The increase in roughness with the increase in recoating velocity for
samples S1 and S2 is uniform, however the roughness for sample S1 is

significantly lower. Sample S1 has lower aspect ratio, elongation and
flatness ratio, which means that sample S2 is closer to a spherical shape
than sample S1. This is corroborated when looking at perfect spheres
cases (EL = FL = AR = 1.0), which have the highest values of roughness.
3.2. Effect of particle shape on the packing density of the powder bed
Results of packing density for the different powders are shown in
Fig. 18. For recoating velocities of 100 mm/s, samples S1 to S4 reached
virtually the same packing densities, and significantly higher than the
spherical case. The case using perfect spheres only lead to better
packing densities at very high recoating velocities (250 mm/s). This is
related to the better flowability of spheres compared to non-spherical
particles. We also notice that sample S4, although formed by nonspherical particles with relatively low elongation and aspect ratio,
performed similar to spheres at recoating velocities of 250 mm/s. This
could be attributed to the flatness of this sample being almost 1.0, similar to spheres.

Fig. 14. Experimental measurement of the surface roughness after the recoating
step. (a) Blade used in the experimental measurements. The red box indicates
the region that actually dispenses the powder during the recoating process,
which is actually used in the numerical investigations and show in mode details
in (b). Bottom: details of the experimental measurement indicating the recoating blade, deposited PA12 powder layer and the reference markers for the
measurement procedure. The recoating velocity is 100 mm/s and the layer
height is 120 μm.

Fig. 16. Snapshot of the deposited powder layer. On top is shown the case using
single spheres as particles after the recoating step. The region where packing
density and roughness are evaluated is marked with a blue box. Middle and
bottom show details after the recoating of the powder samples reconstructed
through the multisphere method (optimized reconstruction).
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Fig. 19. Probability of finding particles within a 20° deviation with the recoating direction in dependence of the recoating velocity for samples S1 to S4.
On the left side of the graph (velocity = 0 mm/s) are plotted the values calculated before the recoating process, using particles deposited in the reservoir
and powder bed regions.

Fig. 17. Surface roughness (Rq values) calculated for different translational
velocities of samples S1 to S4. Additionally, values of surface roughness calculated for using spherical particles are shown for comparison.

Interesting to note that the sample S1 performed better than sample
S2 for velocities of 100 to 200 mm/s. Only at 250 mm/s our results
show a higher packing density for sample S2. This can be explained by
the better flowability of sample S2 after the rounding process, when
compared to sample S1.

The initial alignment of our particles is in well agreement with those
obtained in [6], despite of our samples being formed of irregular shape
particles. However, differently from our results, in [6] the particle
alignment increases significantly with the recoating process. Nonetheless, the simulated systems are very distinct, as our particle size is
one order of magnitude smaller, our recoating velocities being significantly higher and the consideration of van der Waals forces in our
simulations, which significantly affect flowability properties. Interesting is the relatively larger probability of alignment of sample S3 and
S4 compared to S1 and S2. Further, these samples S3 and S4 have larger
values of packing density compared to samples S1 and S2.

3.3. Alignment of particles
Here the alignment of the particles with respect to the recoating
direction (X direction in Fig. 11) are evaluated for different recoating
velocities and samples. MBB method is employed again to find the
major axis of the particles deposited by the recoating mechanism. We
evaluate only particles on the top recoated layer, and exclude those
primary deposited and that form the powder bed. The angle θ between
the major axis of the particle and the X direction is then calculated, and
the probability to find particles within a 20° deviation with the recoating direction is plotted in Fig. 19. Additionally, this probability was
also calculated before the recoating process, using particles of the
powder bed and reservoir (see Fig. 11 for reference).

4. Conclusions
We developed a multisphere reconstruction approach followed by
an optimization step to reduce the number of spheres used in the
multisphere representation. The optimized representation preserves the
original form factors with errors not larger than 5% and also the original volume with errors smaller than 6%. Additionally, the optimization step reduced the average numbers of spheres used for a multisphere representation from the range of 102–103 to 101, which allowed
us to investigate different process conditions and materials through
realistic simulations consisting of hundreds of thousands of particles.
Commercial PA 11, modified PA 11 and commercial PA12, typically
used in additive manufacturing, were investigated.
We found a competitive mechanism influencing the quality of the
powder bed in the recoating process. While is widely known that
spherical particles have better flowability and are, therefore, preferred
in applications of additive manufacturing [39,40], this holds true only
for large recoating velocities. For low recoating velocities the elongated
shape of the particle, known to increase maximum packing density,
seems to be the dominant effect and results in higher packing densities
when compared to spherical particles. This is also demonstrated by the
probability of alignment of particles, which is significantly higher for
samples S3 and S4 (more elongated, lower aspect ratio) compared to
samples S1 and S2 (more spherical, higher aspect ratio). Interestingly,
the combination of high flatness ratio (comparable to perfect spheres)
and low aspect ratio of sample S4 lead to packing densities similar to
those obtained for the spherical cases at high recoating velocities, and
higher packing densities at lower velocities.
In terms of roughness, the spherical case only performed similar to

Fig. 18. Packing density calculated for different translational velocities.
Samples S1 to S4 were recoated at different translational velocities. The packing
density values calculated using perfect spherical particles are shown for comparison.
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the non-spherical cases at high recoating velocities, and performed
worst for all other recoating velocities. Again sample S4 performed
better than all other samples in terms of roughness at high velocities.
Sample S4 is intentionally reconstructed as an idealized form of PA12,
and is so far, not available as a real powder. Its good performance due
to with low aspect ratio and very high flatness (close to spherical) indicate an interesting guideline for production/modification techniques,
which currently focus mostly on producing spherical particles.
Our results suggest that the ideal shape of particles for additive
manufacturing process is dependent of the process conditions. Perfect
spheres may not be the preferred shape for all applications as commonly suggested [39,40]. Furthermore, a distinct influence of the 3
form factors here evaluated in roughness and packing density of the
powders could be observed, suggesting that low aspect ratios could be
beneficial at low recoating velocities.
As for future applications of the numerical tools here developed, a
systematic investigation of the recoating process using particles with
predefined form factors could elucidate the individual influences of
each form factor and shed more light into ideal shape of particles for the
additive manufacturing process.
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