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A B S T R A C T

Process monitoring allows for unique opportunities to capture information at intermediate layers during
fabrication for part qualification, but also to improve process robustness by identifying issues before yield or
quality is reduced. An industrial-grade laser profilometer has been integrated for the first time in a commercial
polymer laser sintering machine and used to monitor powder bed quality and potentially qualify parts during
production. Powder layer quality was measured in different conditions and changed drastically as a function
of recoating speed, preheating temperature but also particle shape. The effective layer thickness was obtained
for the first time in PBF of polymers, and gradually increased with the layer count until reaching a plateau
at the nominal layer thickness. Powder layer density could be calculated as well and lies between 34 and
65 %, depending on the powder type and layer count. Finally, curling increased with decreasing preheating
temperature, ranging from 70 μm to 350 μm i.e. until collision with the recoater. Based on the measured degree
of curling, mitigation strategies could be integrated using a closed-loop feedback control. Effective process
monitoring such as the one provided with laser profilometry may enable the development of new materials
featuring more complex processing conditions, but also larger machines where thermal uniformity might be
an issue.
1. Introduction

The production of plastic components with additive manufacturing
for industrial applications is already a reality in selected fields. In par-
ticular, parts produced with powder bed fusion (PBF-LB/P), commonly
known as laser sintering (LS), meet industrial requirements but further
adoption of LS in industrial process chains is still hindered by a lack of
in-process quality assurance measures. Specifically, there are currently
hardly any suitable solutions for in-line process monitoring during on-
going build jobs, aside for monitoring and closed-loop control of surface
temperature and laser parameters, and sometimes normal cameras
which can only identify dramatic failures, such as cracks on the powder
bed which could be also identified with a naked eye [1]. It is clear
that process monitoring is key for successfully bringing additive man-
ufacturing towards industrial standards. As AM is a primary forming
technology, design is created together with material properties, and
thus defects induced by the production process are directly transferred
in the final parts. On the other hand, working layer-by-layer offers a
unique opportunity to control the quality of components by closely
monitoring process performances during production with the ultimate
goal of achieving process certification.

∗ Corresponding author at: Swiss Federal Institute of Technology, ETH Zürich, Institute of Machine Tools and Manufacturing (IWF), 8092 Zürich, Leonhardstrasse
21, Switzerland.

E-mail address: sillanif@ethz.ch (F. Sillani).

In this work, the application of laser profilometry during process-
ing of polymer powders in an industrial machine is explored: here,
an industrial monitoring device is used to provide effective feedback
thanks to high-resolution 3D data that can be used in quasi-real-time
for powder bed quality and parts quality assurance.

Productivity is a key aspect for every manufacturing technology,
and being AM a layer-by-layer process, productivity can be enhanced
by reducing the number of layers e.g. by using an higher nominal
layer thickness, or by reducing the duration of a single layer. This is
greatly influenced by part bed size, recoating speed and of course part
complexity (through the scan strategy). Data shown in Fig. 1 report the
average time spent at each stage every layer (Recoat, Heat, Expose) for
an EOS P110 [2] (200mm along the recoating direction) and an EOS
P500 (500mm) [3] with a similarly packed build job (about 10%), and
were obtained as motivation for the current work.

The exposure time varies with the complexity of the layer/part,
while heating and recoating times are (mostly) independent of the build
job and can be assumed as more related to powder properties and
machine setup. The heating time is mainly influenced by the thermal
vailable online 18 August 2022
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Fig. 1. Breakdown of average layer time for (a) EOS P110 at 125mm s−1 (b) EOS P500 at 450mm s−1 and (c) EOS P500 at 125mm s−1.
conductivity of the polymer powder, while the recoating time could
be lowered by adjusting the recoating speed or the recoater itself in
order to maintain constant layer quality. Massive efforts were made by
producers to minimize the recoating and heating time, and this is par-
ticularly evident when comparing Fig. 1a with (b): thanks to the quick
recoating speed and powder pre-heating, the laser stays on for more
than 80% of the layer time. Comparison between (a) and (c) shows
a 136% increase in the relative importance of the recoating time with
constant recoating speed 125mm s−1 and 250% build platform size, and
it is clear that only perfectly-optimized powders can be spread at the
top speed of the EOS P500, which of course comes at a price. In fact, [4]
ran discrete element modeling (DEM) simulations on polymer powders,
reporting a decrease of packing density with increasing recoating speed.
[5] reported that illumination parameters (laser power, speed etc.)
should be optimized for powder packing density, which has to be
constant in the different layers that constitute the part. The powder
packing state was studied also for composite material powders [6],
where (at least) two different classes of particles are present: matrix
and reinforcement, which in the case of fibers is characterized by
a very different aspect ratio compared to the matrix. [6] reported
also a detrimental effect of high recoating speed on packing density
from DEM simulations, which is also influenced by layer thickness and
content of fibers. [7] reported a detrimental effect of recoating speed
on packing density, and even on final part quality and mechanical
properties, showing e.g. a sharp increase (+33%) of Charpy impact
strength upon higher (+10%) packing density. Therefore, an higher
recoating speed is desirable for productivity, but has a detrimental
effect on the packing density, which is a predictor for the final part
density [8]. [9] experimentally measured a decrease of powder layer
density (𝜌𝑝) with increasing recoating speed for several materials that
are commercially available for PBF-LB/P.

The effective layer thickness 𝐸𝐿𝑇 and its consistency throughout
the build job is another key metric for quality assurance: particular
combinations of laser parameters and powder properties (e.g. powder
layer density) could lead to unacceptable variations of 𝐸𝐿𝑇 , which
might lead to inhomogeneous part properties. Also, not so many au-
thors studied the melt pool depth evolution during selective laser
sintering, and no one did that during actual processing using an indus-
trial machine and a relatively inexpensive process monitoring tool. For
example, [10] studied the melt pool depth during single line scans as
a function of laser power using optical coherence tomography, with a
complex setup on a research-grade machine, and reported values from
20 μm to 200 μm for 𝐸𝐿𝑇 . Nevertheless, in this work the availability
of high-resolution data before and after laser scanning concerning the
vertical shrinkage of the powder layer into a molten state (along 𝑍)
allows for the first time the determination of 𝐸𝐿𝑇 for a complex
geometry, introducing the possibility of measuring an interesting metric
for process stability [11].

Curling is a form of thermally-induced warpage that is recognized
as one of the most problematic types of defects occurring in PBF-LB/P,
in which a stress is induced with the introduction of cold powder and
results in the part lifting from the powder bed [7]. [12] reported a
2

Fig. 2. Curling illustration. The material which is not affected by the laser is depicted
in black.

convincing explanation for curling, together with a theoretical model
derived from laser bending of sheets. The temperature gradient mecha-
nism (TGM) introduced by these authors is based on the rapid heating
of the top layer of powder by the laser, which tries to expand but is
constrained by the lower layer of colder material, resulting in layer-
wise bending as shown in Fig. 2. Curling is affected by several factors,
including part geometry, orientation, positioning in the build chamber
and process parameters [13], but also material properties, such as the
low thermal conductivity of polymer powders, which changes with
packing density [14]. Curling can occur during the build phase (built-in
curl) or upon cooldown (post-build curl) [13]. [15] recently inte-
grated a camera in a commercial PBF-LB/P machine and used machine
learning methods to identify and quantify powder bed defects such as
agglomeration but the dataset used did not allow conclusive findings.
Machine-learning based image analysis was also studied by [1] on
a commercial Sintratec machine, but applicability of camera-based
techniques is always questionable since no height data were natively
available. Curling has been studied in-process for PBF of polymers also
by [16], who mounted a fringe projection monitoring system outside
of a EOS P100 machine, successfully measuring parts with a 𝑋𝑌𝑍
resolution of 75 μm on a large portion of the build chamber, demon-
strating that the naked eye of the operator is sometimes insufficient
to identify curling. More interestingly, by tuning process parameters,
namely part bed temperature and laser energy density, the researchers
demonstrated the control of curling and even repairing parts on-the-
go, reducing the probability of a catastrophic failure i.e. a recoater
collision with the part. Unfortunately, no information were provided on
the data acquisition time and/or surface map analysis, raising questions
regarding the applicability as a real-time process monitoring tool. In
this work, the focus is only on built-in curl, since laser profilometry
can be used to detect geometrical variations with sub-micrometer
vertical resolution. A common strategy to mitigate built-in curl is to
increase the preheating temperature of the powders in the feeders, but
excessive heat can result in increased powder cohesiveness, leading to
the formation of clumps. Consequently, mitigation strategies for defects
like curling certainly exist but are mainly related to the experience of
the operator, since an automatic optimization of the production process
is not yet possible, mainly due to a lack of reliable height data and
time-efficient data processing. The availability of comprehensive height
mapping through innovative process monitoring tools will enable the
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Fig. 3. Sketch of the mounting principle of the laser profilometer on the recoater arm of the Sinterstation 2000, with details of the field of view in the dashed square.
Table 1
Key information about Keyence LJ-X8060.

Laser wavelength 405 nm
Spot size 25mm × 49 μm
Linearity 0.008%
Profile data interval 10 μm
Line length 16mm
Acquisition frequency 1 kHz to 16 kHz

development of new materials with more complex processing condi-
tions i.e. narrower sintering windows, but also for the development of
larger machines where thermal uniformity would become increasingly
more challenging with size.

The scope of this work is to provide an overview of the different
possible applications of laser profilometry in powder bed fusion of
polymers, by focusing on powder layer quality, a predictor for powder
bed density, on curling, a common defect occurring in PBF-LB/P, and
for the first time also on in-situ measured effective layer thickness
(ELT) and powder layer density (𝜌𝑝). Although laser profilometry has
been explored for process monitoring of powder bed fusion of metals
[17], this work focuses on polymer powder bed fusion, which is more
challenging due to the high build chamber temperatures.

2. Materials and methods

2.1. Measuring setup

A Keyence LJ-X8060 (Osaka, Japan) laser profilometer was inte-
grated into a DTM Sinterstation 2000. To allow precise information
extraction from the powder bed, which is characterized by a lack of ref-
erence points, encoding was necessary and realized with a temperature-
resistant linear encoder along the recoating direction (𝑋) coupled with
proper tuning of the laser profilometer settings (along 𝑌 ). Due to this
setup, an 𝑋𝑌 resolution of 10 μm was obtained, while the vertical one
(along 𝑍) is 0.45 μm according to the device datasheet, over a vertical
(𝑍) field of view of 2mm in the configuration shown in Fig. 3.

Additional parameters of the laser profilometer are reported in
Table 1.

Since the PBF-LB/P process occurs with a build chamber tem-
perature between 80 °C and 170 °C (material-dependent), a cooling
enclosure with nitrogen flow was implemented to protect the laser
3

Fig. 4. Sketch of rig specifically designed for the laser profilometer which allows high
temperature operation thanks to nitrogen cooling.

Table 2
𝑃𝑆𝐷 (in μm), Young’s modulus 𝐸 (in MPa) and Ultimate Tensile
Strength 𝜎𝑈𝑇𝑆 (in MPa)

Material 𝐷10 𝐷50 𝐷90 𝐸 𝜎𝑈𝑇𝑆

DF-PA12 28 56 82 1586 43
iCoPP 35 63 123 900 18

profilometer, as depicted in Fig. 4. A bidirectional connection be-
tween the control unit of the laser profilometer and the machine
Programmable Logic Controller (PLC) was realized, allowing for the
dynamic adjustment of certain process parameters and automatically
trigger the acquisition of the surface maps based on the position of the
recoating arm.

2.2. Powder bed quality evaluation

Three variables were selected for the study on powder bed quality:
recoating speed, build chamber temperature and materials. Two grades
were chosen: Duraform PA12 (3D Systems, Rock Hill, SC, USA), a
polyamide 12 which is the most used feedstock in PBF-LB/P [18] with
a melting point around 175 °C, and iCoPP, a polypropylene co-polymer
featuring a melting point of about 125 °C. Additional information are
reported in the following Table 2, with the Particle Size Distribution
𝑃𝑆𝐷 hereby given with the 10th, 50th and 90th diameter percentiles.
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Fig. 5. Raw data (a) is filtered with a Gaussian filter and five patches are extracted (b–c). The height parameter 𝑆𝑞 is then calculated for each patch, which measures 5 × 5 mm.
Both materials are commercially available and feature a wide sin-
tering window [19]. The feedstock was used as received, without
preconditioning and in virgin form (no mixing with used powder).

In terms of build chamber temperature, three different build tem-
peratures (processing, processing −20 °C, processing −40 °C) and three
different recoating speeds (80, 120 and 160mm s−1) were covered,
for a total of nine pairs of experimental conditions, each of them
tested over the recoating of ten layers. Every dataset was analyzed
using an in-house developed Python script to extrapolate the powder
bed roughness, evaluated using 𝑆𝑞 calculated according to Eq. (1), as
schematically shown in Fig. 5.

𝑆𝑞 =

√

1
𝐴 ∬𝐴

𝑧2(𝑥, 𝑦) 𝑑𝑥 𝑑𝑦 (1)

where 𝑧 is the height distribution, 𝑥 and 𝑦 the coordinates of each data
point and 𝐴 the area of the region in mm.

All the statistical evaluation were executed using Matlab. For
ANOVA, the normality assumption was checked with Shapiro–Wilk and
the homoscedasticity with Levene tests, in both cases with rejection of
the null hypothesis when 𝑝 < 0.05. In case either of the two tests were
not significant, bootstrapping was performed to reduce bias, with a
number of bootstrapped data samples equals to the sample size of each
group. When comparing different groups, the means were compared
according to Tukey–Kramer and their difference considered significant
when 𝑝 < 0.05.

2.3. Part evaluation during processing: effective layer thickness, powder
layer density and curling

The same laser profilometer was also used to characterize parts
during production using the following metrics: 𝐸𝐿𝑇 , 𝜌𝑝 and degree of
curling (𝜃). In the curling experiments, data acquisition occurred after
the new layer of powder was deposited (Fig. 6b), while for obvious
reasons the 𝐸𝐿𝑇 had to be measured before recoating (Fig. 6a). With
the current setup it is not possible to measure both curling and 𝐸𝐿𝑇 at
the same time, but this can be solved by mounting an additional laser
profilometer on both sides of the recoater arm, or by measuring 𝜃 and
𝐸𝐿𝑇 alternatively.
4

2.3.1. Effective layer thickness evaluation
For 𝐸𝐿𝑇 , a different setup of the laser profilometer was used: in

this case, the actual polymer melt pool was scanned. A specific test
geometry was made, consisting of 13 cylinders with diameter 10mm
aligned along 𝑋 and spanning over the entire build platform, as shown
in Fig. 6a. After scanning of the layer, the test part was measured and
the height difference ℎ𝑛 was obtained as median distance between the
two planes shown in Fig. 7:

Once ℎ𝑛 is known, 𝐸𝐿𝑇 can be obtained geometrically according
to Eq. (2):

𝐸𝐿𝑇𝐿𝑛
= ℎ + ℎ𝑛−1 − ℎ𝑛 (2)

where ℎ𝑛−1 is the height difference measured in the previous layer, ℎ
is the platform movement that is also equal to the height of the new
layer of powder, and ℎ𝑛 is the height difference measured in the current
layer. This equation is explained in Fig. 8:

In the first step (a), a fresh layer of powder with height ℎ is present.
After laser scanning, the first height difference ℎ0 is measured with the
laser profilometer (b). Then, the platform is lowered by ℎ and a new
layer of powder (always of height ℎ) is deposited (light blue in c). The
machine laser selectively melts the cross section of the part, and hence
the next layer 𝐿1 is obtained. Therefore, the next height difference
ℎ1 can be measured with the laser profilometer (d). In this example,
𝐸𝐿𝑇𝐿1

is obtained by ℎ0 + ℎ − ℎ1, and the process can be repeated for
the next layer 𝐿2 (e and f), and so on.

From the theoretical point of view, the evolution of effective layer
thickness 𝐸𝐿𝑇 was never analyzed in PBF-LB/P, but other authors did
that in PBF of metals [11,20,21].

A comparison of the layer-by-layer evolution of 𝐸𝐿𝑇 and 𝛿p|𝑛
(according to [20]) can be seen in Fig. 9, obtained for different values
of powder layer density 𝜌p|𝑛 and constant ℎ = 𝛿t|𝑛+1 = 100 μm :

Therefore, constant 𝐸𝐿𝑇 should be reached within 6 to 24 layers
in PBF-LB/M, depending on 𝜌p|𝑛. Nevertheless, in PBF of polymers,
no build plate is used and the first layer is directly obtained from
powder: this means that the main assumption of [20] regarding the
first layer height is not respected, since there is no constraint that
prevents the powder from melting in an uncontrolled way in the
vertical direction. [22] reported a decreasing penetration depth of the
CO2 laser radiation in polyamide 12 powder of 220 μm to 90 μm with
increasing powder bed density from 30% to 65%. Therefore, a plausible
first layer thickness lies between these extreme values, however, due to
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Fig. 6. Positioning and data acquisition direction of (a) the test geometries for curling (ISO 527-5 A specimens) (b) the 𝐸𝐿𝑇 test geometry.

Fig. 7. Height measurement process for every part. Starting from the entire scan (a), each circle was isolated (b) and the planes for the height measurement selected (c). Plane
1 corresponds to the unmolten powder, plane 2 to the melt pool. The histogram (d) clearly shows the difference in the height distributions.

Fig. 8. ELT calculation from actual and previous height difference measurement. Build platform in black, fresh powder in light blue, existing powder in blue, molten layers in
red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Theoretical evolution of 𝛿p|𝑛 (a) and 𝐸𝐿𝑇 (b) with constant interlayer 𝜌p|𝑛.
Fig. 10. 𝜌𝑝 calculation from 𝐸𝐿𝑇 data.

the peculiarity of the approach used to measure 𝐸𝐿𝑇 in this work, it
cannot be determined experimentally. Nevertheless, the second layer
would be indeed constrained vertically by the first one, so a drop of
𝐸𝐿𝑇 is expected before reaching a certain steady state around ℎ.

2.3.2. Powder layer density evaluation
Since the cross section of the part in the 𝑋𝑌 plane can be assumed

to be roughly the same before and after the melting process, and the
conservation of mass applies between the volumes highlighted with a
green, dashed outline in Fig. 10, the relation

(ℎ + ℎ𝑛−1) ⋅ 𝜌𝑝 = 𝐸𝐿𝑇𝐿𝑛
⋅ 𝜌𝑚𝑒𝑙𝑡 + ℎ𝑛 ⋅ 0 (3)

must hold.
Therefore, the effective powder layer density 𝜌𝑝 can be obtained in

absolute units if the melt density 𝜌𝑚 is known:

𝜌𝑝 = 𝜌p|𝑛 =
𝐸𝐿𝑇𝐿𝑛

ℎ + ℎ𝑛−1
⋅ 𝜌𝑚𝑒𝑙𝑡 (4)

The melt density of polymers varies with temperature, since the
polymer chains tend to expand when heated. Melt density data are
not easy to identify for a specific polymer grade, and therefore an
average value for each polymer type was used in this work: 0.97 g cm−3

for Duraform PA12 (polyamide 12) and 0.74 g cm−3 for iCoPP (co-
polypropylene) [23].

Of course, the 𝐸𝐿𝑇 hereby measured is not precisely the one of
the part, since crystallization and shrinking upon cooling can lead to
differences, and vertical shrinkage of about 1% to 3% was reported
for LS [24]. Therefore, the difference between the 𝐸𝐿𝑇 calculated in
6

Fig. 11. 𝜃 measurement process for every layer. The STL file is sliced (a), the correct
cross-section is extracted for that specific layer (b) and used to segment (d) the raw
data (c).

this work and the ‘‘real’’ 𝐸𝐿𝑇 is negligible, under the assumption of
constant interlayer shrinkage. So, this methodology allows to ascertain
with good precision the absolute packing density of the powder during
production, an important metric associated to part quality in powder
bed fusion of polymers [8,9].

2.3.3. Curling evaluation
OpenCV libraries were leveraged in Python to analyze the raw

data coming from the laser profilometer, as schematically depicted in
Fig. 11.

A 2D bit mask template for each layer was generated by slicing the
intended 3D geometry, provided as an STL file (a). In the case of the
tensile bar, the template is the same for all layers, as shown in (b),
where each pixel represents a square of 100 μm2. Template matching
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Fig. 12. Curling illustration in PBF of polymers. (a) shows an example of deformation with respect to the reference plane, while (b) quantifies those deformations in two distributions
using the segmentation procedure introduced above. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
was employed to sweep the template across the layer depth data and
identify the location providing the highest absolute correlation. When
the PBF process runs without issues, the depth data should include a
tight height distribution, as shown in (c), where the cross-section of the
tensile bar is hardly recognizable. With the template location identified,
pixels can be sorted as either inside or outside of the intended geometry
as shown in (d).

Ideal data would look like the example reported in Fig. 12a, where
curling occurs on a part and results in positive and negative vertical
deflections (depicted in red and blue, respectively). The reference
plane i.e. the unmelted powder is depicted in green. Thanks to the
segmentation, it is possible to separate the overall height distribution
in two, as shown in Fig. 12b.

Interestingly, a bi-modal height distribution would characterize
all parts affected by curling, as hypothesized by [12]. These authors
reported the creation of tensile stresses on top and compressive ones
at the bottom of parts during cooldown in PBF-LB/M: in the case of
polymers, though, the stresses come are the result of the deposition of
cold powder on top of the molten part, and are immediately released
due to the lack of a physical connection to the build plate, leading to
part’s deformation. In order to quantify it, the following Eq. (5) was
used:

𝜃 = 𝑃95(𝑧𝑝𝑎𝑟𝑡) − max(𝑧𝑝) (5)

where 𝑃95(𝑧𝑝𝑎𝑟𝑡) is the 95-th percentile of the part height distribution
(blue–red) and max(𝑧𝑝) is the peak of the powder height distribution
(green). The whole data analysis takes about 30 s on a normal laptop,
which is roughly within the layer time and thus offers relatively quick
control possibilities.

3. Results and discussion

3.1. Powder surface roughness

The surface roughness of Duraform PA12, spread at different tem-
peratures (130 °C, 150 °C and 170 °C) and recoating speeds, is shown
in Fig. 13a, while the grouped plots for speed and temperature are
reported in Fig. 13b and Fig. 13c, respectively:

Qualitatively, Fig. 13a displays two clear trends: at the same temper-
ature, increasing the recoating speed increases the surface roughness;
however, across different temperatures, the average value of 𝑆𝑞 at
the different speeds is constant. In order to better quantify these
behaviors, one-way ANOVA was carried out to determine the influence
of speed and temperature separately, according to the methodology
reported above. The contrast analysis shows that all combinations of
temperatures and speeds are different from each other in a statistically
significant way, as reported in Table 3, where positive differences in the
means are linked to a smoothing effect of an increase of that variable.
7

Table 3
Contrasts for Duraform PA12.

Measurements
group 1

Measurements
group 2

Difference of
means

p value

Speed [mm/s]
80 120 −0.41 0.00
80 160 −1.34 0.00

120 160 −0.93 0.00

Temperature [°C]
130 150 0.38 0.00
130 170 0.53 0.00
150 170 0.15 0.00

Table 4
Contrasts for iCoPP.

Measurements
group 1

Measurements
group 2

Difference of
means

p value

Speed [mm/s]
80 120 −0.49 0.01
80 160 −0.30 0.17

120 160 0.18 0.49

Temperature [°C]
80 100 −4.51 0.00
80 120 −3.77 0.00

100 120 0.75 0.00

This statistical data highlights that changing either the recoating
speed or the feeder temperature has an influence on the surface rough-
ness, and the independent contribution of the two variables can be
visualized in Fig. 13b and c, respectively. So increasing temperature to
the processing region has a smoothing effect on the surface roughness
𝑆𝑞 and thus the resulting powder layer density would increase [9]. On
the other hand, increasing the recoating speed has a negative effect
on the surface smoothness, and thus decreases 𝜌𝑝. Also the variance
of 𝑆𝑞 increases, which means that layer quality is less constant with
increasing recoating speed, and thus recoating defects such as voids
etc. are more probable.

Surface roughness of iCoPP has been tested under different condi-
tions of temperature (80 °C, 100 °C and 120 °C) and recoating speed, as
shown in Fig. 14a:

The same procedure carried out for Duraform PA12 was applied,
and the outcome of the contrast analysis is shown in Table 4, while the
means of speed and temperature are reported in Fig. 14b and 14c:

The data reported in Table 4 show a negative (and statistically sig-
nificant) effect on 𝑆𝑞 when increasing recoating speed from 80mm s−1

to 120mm s−1. The other two contrasts are not significant, hence one
could say that increasing the recoating speed does not influence 𝑆𝑞 and
therefore the powder layer density for iCoPP. This lack of influence
is probably due to the particle shape of this material [25], which
is highly spherical and thus is not effected by recoating speed, at
least within the tested range. This was already reported by [4], who
ran DEM simulations on polymer particles with different shapes at
different recoating speed, using a blade as recoating medium. In their
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Fig. 13. Duraform PA12 — Surface roughness vs. temperature and speed (a), mean plots for speed (b) and temperature (c).
Fig. 14. iCoPP — Surface roughness vs. temperature and speed.
work, these authors showed an insignificant change of powder bed
roughness with increasing recoating speed for spheres (iCoPP), while
more irregular particles (like Duraform PA12) are more affected by a
change of recoating speed. The results presented in Figs. 13 and 14
confirm those trends experimentally and in a statistically-significant
way.

On the other hand, temperature does have a significant influence
on surface roughness across all three values, as qualitatively depicted
in Fig. 14(c). In fact, an increase of surface roughness could be observed
between 80 °C and 100 °C, followed by a small (albeit statistically
significant, 𝑝 < 0.001) decrease between 100 °C and 120 °C. This means
that the corresponding packing density decreases with temperature,
following the opposite trend of Duraform PA12.
8

This different behavior might be related to different relative mag-
nitudes of the cohesive forces which keep the particles together, which
means that powder cohesiveness changes with temperature [26], so
flowability testing at room temperature gives only a rough indica-
tion of real powder behavior at the processing temperature. Further-
more, it seems that two commercially-available materials have sig-
nificantly different behavior when recoating speed and temperature
are changed, proving once more that a fundamental understanding of
powder properties at the processing temperature is paramount to gain
more knowledge about the powder bed fusion process itself.

For process monitoring purposes, the available range of recoating
speeds provided by the used machine is not enough to obtain significant
differences for iCoPP, although this might not be true for every other
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Fig. 15. Data acquisition sequence: powder bed just after recoating, with traces of the previous layer barely visible (a), illumination with CO2 laser (b) and clear melting of the
polymer powder (c), laser profilometer scanning (d).
Table 5
Process parameters for 𝐸𝐿𝑇 evaluation.

Parameter Duraform PA12 iCoPP

Laser power [W] 35 30
Hatch [mm] 0.24 0.24
Laser speed [mms−1] 4000 4000
Layer thickness [μm] 100 100
Recoating speed [mms−1] 80 80
Part bed temperature [°C] 173 120
Feeder temperature [°C] 80 45

combination of temperature and recoating speed. Nevertheless, the
methodology hereby proposed seems to be suitable for new feedstock
development, whose flowability optimization at the processing temper-
ature and recoating speed is crucial for successful materials in powder
bed fusion of polymers.

3.2. In-situ effective layer thickness and powder bed density measurement

Using the methodology illustrated in Section 2.3, data were col-
lected in a single build job, carried out under stable processing con-
ditions according to the parameters reported in Table 5 with Duraform
PA12 and iCoPP.

One data acquisition sequence example is depicted in Fig. 15.
Every layer constituting the test geometry was characterized in-

dependently, and therefore 13 melt pools were produced along 𝑋.
Since the PBF-LB/P process does not use a substrate or build plate,
it is impossible to calculate the thickness of the initial layer with the
proposed methodology, because Eq. (2) requires a reference height
measure. Moreover, due to the machine setup with powder feeders on
both sides, only one every two layers could be measured. All individual
melt pools are shown in Fig. 16:

Using the procedure introduced in Section 2.3, each melt pool
was analyzed and used to calculate 𝐸𝐿𝑇 and 𝜌𝑝. Fig. 17 reports the
variation of 𝐸𝐿𝑇 in the 𝑋 direction as an average of all the layers
(i.e. 𝑍 positions) for both Duraform PA12 (blue) and iCoPP (green).
For neither of these two there exists a significant difference between
left and right side of the platform (ANOVA 𝑝 = 0.1 for both).

The evolution of 𝐸𝐿𝑇 along the 𝑍 direction is reported in Fig. 18:
For Duraform, the contrasts between 𝑛 = 1 and the other layers

are all significant with 𝑝 < 0.001, while there is no difference among
the groups 𝑛 > 2, except for 𝑛 = 11. Regarding iCoPP, the contrasts
between 𝑛 = 1 and all the other positions are also significant, with
0.001 < 𝑝 < 0.03, and again there is no difference among the groups
𝑛 > 2, in this case with the exception of 𝑛 = 17. This means that, for
both materials, the first measured layer (which is the second layer of
the part) is significantly different from the others, but its 𝐸𝐿𝑇 does
not follow the geometrical series proposed by [11] for PBF-LB/M. This
was largely expected, since no build platform hinders the melting in
the vertical direction, and thus the first 𝐸𝐿𝑇 of the part is probably
9

even larger than the nominal thickness of the powder layer, due to
uncontrolled penetration depth of the laser radiation. It is noteworthy
though that a convergence towards the nominal layer thickness can be
qualitatively seen in Fig. 18. For 𝑛 = 17 (iCoPP) and 𝑛 = 11 (Duraform
PA12), a mechanical issue related to the piston movement has probably
happened. In fact, Eq. (2) prescribes a fixed value for ℎ: considering the
age of PBF machine used in this work, the required precision cannot be
guaranteed and would allow to explain these outliers.

Finally, an effect was observed around the contours of some of the
melt pools with constant 𝑋 and increasing 𝑍, as can be qualitatively
seen in Fig. 19 for Duraform PA12.

The powder surrounding the melt pool is raised for about 100 μm
by the excess heat coming from the melting process, which makes it
expand in the only unconstrained direction i.e. upwards. This can be
considered as an indication that the energy density used is too high, and
would enable closed-loop feedback not only for the recoating process
but also for the laser/heater combination.

The determination of powder layer density (PLD) was carried out
by using the procedure illustrated in Section 2.3. As explained above,
the result can be expressed as a percentage of the melt density 𝜌𝑚 or as
an absolute value, if 𝜌𝑚 is known. Fig. 20 reports the variation along
𝑋 for both materials:

Similarly to ELT, no statistically significant difference can be ob-
served in neither of the two materials along 𝑋. Nevertheless, for
Duraform a negative trend (−5% and −0.04 g cm−3, 𝑝 = 0.01) can be
found when comparing 𝑋 ∈ (1⋯ 5) with 𝑋 ∈ (8⋯ 13), meaning that a
𝜌𝑝 difference exists along the recoating direction for this material. This
difference is probably related to the fact that the PSD of the powder
changes in the recoating direction, with a progressive loss of its fine
fraction particles. [5] already reported the need for a constant 𝜌𝑝 across
the platform, and this issue seems to be present also in this dataset:
with larger machines, which are necessary to increase productivity, this
behavior might get worse and therefore it is quite important to have
a process monitoring tool capable of assessing the 𝜌𝑝 in real time. At
𝑋 = 9, 𝜌𝑝 drops significantly for iCoPP and insignificantly for Duraform:
an hypothesis for such a behavior might be that the recoater moved
vertically (bumped) in that specific location, shifting somehow the
profilometer readings. Further tests are definitely required to exclude
mechanical issues like this during build job execution.

The vertical evolution of 𝜌𝑝 along 𝑍, averaged for 𝑋, is shown in
Fig. 21:

In both cases, a statistically significant difference arises between
top and bottom layers: an increase of packing efficiency with layer
count is quite counter intuitive, since 𝐸𝐿𝑇 does not change between
these two groups and therefore the powder has always almost the same
empty volume to fill. Also, processing conditions are not changing
between these two groups of layers. This different packing regime of
the powder seems to be influenced by the homogeneous increase of
temperature that occurs around the process region due to the extra
energy provided by the laser, and whose effects where already observed
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Fig. 16. Top — Duraform PA12 dataset; Bottom — iCoPP dataset.
Fig. 17. Evolution of 𝐸𝐿𝑇 along 𝑋 direction for iCoPP and Duraform PA12. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
in Fig. 19. An increase of temperature leads to an increase of powder
cohesiveness which, together with the downward pressure of the roller,
might explain the increase of 𝜌𝑝 for deeper layers observed in both
cases.
10
When considering the respective 𝜌𝑚 of the two polymers, the av-
erage 𝜌𝑝 values for Duraform PA12 and iCoPP are 0.37 ± 0.03 g cm−3

and 0.35 ± 0.05 g cm−3. These numbers are higher than previously re-
ported [9]: 0.26 ± 0.02 g cm−3 for Duraform PA12 and 0.29 ± 0.02 g cm−3
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Fig. 18. Evolution of 𝐸𝐿𝑇 along 𝑍 direction for iCoPP (a) and Duraform PA12 (b).
Fig. 19. Example of the vertical evolution of melt pool for Duraform PA12.
for iCoPP. The experimental conditions, and even the measurement
procedure, are quite different for these two sets of 𝜌𝑝: in fact, [9]
used a blade instead of a roller, and the powder was recoated in a
metal cavity with nominal depth approximately equal to 150 μm at
room temperature. Given the use of the roller and higher temperatures,
the spreading conditions are different in the present work. Another
difference comes from the wall effect: as already reported by [27], the
cavity does not allow too much rearrangement of the deposited powder,
while recoating powder on powder is expected to increase 𝜌𝑝 thanks to
more rearrangement possibilities. Anyways, albeit these powders have
11
different Hausner ratios and flowability at room temperature, in the
real process conditions they perform quite similarly in terms of 𝜌𝑝,
confirming once more how important the reliability of this metric is
for the development of new materials for polymer PBF.

Therefore, laser profilometry can be used not only to relatively
evaluate 𝜌𝑝 by looking at the powder bed 𝑆𝑞 , but the technique also
allows for determination of the absolute value with a good level of
precision using specific test geometries such as the one proposed in this
section.
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Fig. 20. Evolution of 𝜌𝑝 along 𝑋 direction for iCoPP and Duraform PA12.
Fig. 21. Evolution of 𝜌𝑝 along 𝑍 direction for iCoPP and Duraform PA12.
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Table 6
Process parameters for 𝜃 evaluation.

Parameter Duraform PA12

Laser power [W] 35
Hatch [mm] 0.24
Laser speed [mms−1] 4000
Layer thickness [μm] 100
Recoating speed [mms−1] 80
Part bed temperature [°C] 173
Feeder temperature [°C] 40–60–80 (stable)

3.3. Curling monitoring

Three tensile bars according to ISO 527-5 A were produced as
outlined in Fig. 6a using the build parameters of Table 6 with Duraform
PA12. Despite its large sintering window, even this feedstock can suffer
from curling if the wrong process parameters are utilized, and curling is
particularly problematic for the development of new materials, which
are typically characterized by narrower processing windows [28].

In order to prove the robustness of the proposed curling detection
algorithm, the feeder temperature was varied between 40 °C to 80 °C in
three different build cycles. An example of the resulting data analysis,
carried out according to the procedure introduced above, is shown in
Fig. 22.

More details on each height distribution, including their mean and
standard deviation, are reported in Table S1.
12

m

The complete results in terms of 𝜃 are shown in Fig. 23 for parts A
o C (from left to right of the platform, as depicted in Fig. 6a), with 𝑇
eing the feeder temperature:

The build cycle had to be stopped after layer 3 for 40 °C and after
ayer 4 for 60 °C due to excessive curling and consequent collision with
he recoater, as shown in Fig. 24a and b, respectively:

There seems to be two main drivers for curling: layer count and
emperature. As expected, an increase of temperature decreases 𝜃, but if
xcessive it results in excessive powder cohesiveness and consequently,
deterioration of the powder layer surface roughness. Curling becomes
ore pronounced with the increase of the layer count, and according

o the metric used, values of 𝜃 above 300 μm are unacceptable and
ead to process interruption. Even with the best parameters hereby
sed, where an experienced operator could not detect any issue, a
5 μm difference could be measured between the reference and the part
lanes, which probably means that slightly hotter powder would have
elped. So, the usage of laser profilometer allows for the rapid and
ighly resolved determination of the degree of curling. Once interfaced
ith the machine controls, process monitoring could automatically
dapt the temperature of the feeder to minimize 𝜃 while preserving
owder flowability. The maximum 𝜃 decreases while moving from left
o right of the platform (A to C), and in case of part C there seems to be
o difference between 40 and 60 °C. This means that placing the parts
s far away as possible from the start position of the recoater can help
ith curling, since the powder gradually heats up during spreading,

inimizing the thermal shock for the molten polymer.
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Fig. 22. An example of the raw data after segmentation, showing the inner (a) and outer (b) parts of the tensile bar and their relative height distributions.
Fig. 23. Curling 𝜃 as a function of layer count and temperature.
Fig. 24. Curling.
3.4. Limitations

Despite being a valid in-situ process monitoring technique, laser
profilometry has also some limitations. The most complex one to solve
is definitely related to mounting and cooling: this type of devices
13
needs to be placed relatively close to the powder bed (65mm in this
particular case), and of course cooled down during machine operation.
The engineering work required to reliably mount such a device on
the recoater is not trivial, and much more complex than installing
other process monitoring tools e.g. cameras that can be placed far
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away from the processing plane and, possibly, outside of the heated
chamber. Also, the maximum acquisition frequency of 16 kHz can be
obtained only in specific conditions and, depending on the desired
resolution, it can limit the maximum speed if data have to be acquired
during the recoating motion. Finally, large files are generated, due to
the high 𝑋𝑌𝑍 resolution of the device: on-the-fly analysis and data
reduction techniques must be applied in order to limit the amount of
stored data. For example, acquiring a single stripe of 16mm × 300mm
during a 100mm tall build cycle with a resolution of 5 μm would take
approximately 300GB, while trying to monitor the entire platform with
multiple stripes stitched one next to each other for the same build cycle
would result in about 2 TB of raw data.

4. Conclusions and outlook

Process monitoring in additive manufacturing requires tools devel-
oped specifically to provide useful data. In this work, laser profilometry
was integrated in an industrial LS machine and used to gather data on
four metrics: powder layer quality, effective layer thickness, powder
layer density, and curling.

Powder layer quality is influenced by temperature and recoating
speed depending on the feedstock’ particle shape: for Duraform PA12,
speed has a detrimental effect on powder layer quality while a higher
temperature improves its smoothness. iCoPP, a spherical powder, is
not influenced so much by speed in the tested range, but temperature
seems to have a detrimental effect. Overall, laser profilometry allows to
monitor spreadability in real process conditions, and to tune the recoat-
ing parameters (medium, speed) in order to maximize the spreading
efficiency while controlling for powder layer quality.

The effective layer thickness 𝐸𝐿𝑇 was measured for the first time
during actual PBF of polymers. No variation of 𝐸𝐿𝑇 along the recoating
direction was observed, except for the first layer.

The powder layer density 𝜌𝑝 was calculated from 𝐸𝐿𝑇 along the
recoating and the production directions. Along the former, 𝜌𝑝 for Du-
raform PA12 decreased possibly due to a progressive loss of a fraction
of the powder between left and right of the platform, which is expected
to worsen for wider platforms and/or less optimized feedstock. Finally,
two regimes seemed to exist in the vertical evolution of 𝜌𝑝, with its
sharp increase after a certain amount of layers, possibly due to an
increase of powder cohesiveness caused by temperature.

Curling 𝜃 was successfully measured, proving the effectiveness of
laser profilometry as multi-purpose process monitoring tool for PBF of
polymers. Quantitative information about curling were obtained within
the layer time, and used to correct it by acting on the temperature con-
trols. A further reduction is certainly possible by coding the algorithm
directly in the control unit of the laser profilometer, which is already
built to communicate directly with industrial PLCs. A bi-modal height
distribution is found on parts when curling happens, and increasing the
preheating temperature has a positive effect on 𝜃. Also the placement of
the parts as far away as possible from the begin of the recoating motion
helps in minimizing 𝜃.

In conclusion, laser profilometry features high vertical and lateral
resolution, robustness, and easiness of integration into an industrial
machine for powder bed fusion, and proved to be a versatile solution
for powder and part quality monitoring, both for daily basis operations
and for new materials development. The outlook of the present work
would be a complete study on dimensional accuracy due to the high
lateral resolution of this device, which could be further increased
by tuning the process parameters. Improved mechanical integration
(i.e. cooling) of the profilometer is required to ensure more complete
datasets to understand even more in depth this additive manufacturing
process. Finally, machine learning (ML) algorithms will be developed to
improve the usage of this technology as process monitoring tool, due to
the high amount of high-quality data produced during each layer that
14

is influenced by multiple parameters at the same time.
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