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Abstract
The surface roughness of parts produced by Selective Laser Sintering (SLS), a powder based additive manufacturing
process (AM), has been subject of discussion in the AM community since the beginning of production of parts using
polymer powders. The poor surface features achieved are currently still an issue for the industry to directly
implement the produced parts as finished products. There is to date no consensus on an ultimate surface
characterization method to reproducibly characterize surfaces produced by SLS. This publication compares different
contact and non-contact methods ranging from long established to newly developed surface characterization devices.
The methods are compared on the basis of how reproducible, quick and representative the measurements are before
being implemented in a quality management system to control and monitor the surface aspect topic.
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Introduction

In the recent years the Selective Laser Sintering (SLS)
process evolved from a Rapid Prototyping process
(fabrication of unique pieces, visual prototypes) to an
Additive Manufacturing status, production of ready-touse parts in small series. Unfortunately, the surface
roughness (SR) of those SLS-printed parts is still an
issue. When a part produced with polyamide 12 is dug
out of the powder bed and sand-blasted to remove the
residual powder, it still feels rough when stroked with
bare hands compared to injection moulded parts. Until
now there has been no agreement in the SLS community
on a reliable and broadly accepted surface measurement
method. The methods compared here try to represent all
the devices available on the market.
The roughness is inherent to the process itself. The
fabrication of parts using a layer-wise process with
powder as building material induces at least two kinds
of surface defects: steps due to the successive addition
of layers (except when the surface is perfectly flat) and
a roughness in the dimension of the powder particles.
The latter is due to particles that are either stuck to the
surface due to thermal bleeding of excess energy of the
illuminated surface or partially molten particles that did
not have enough energy to melt completely with the
laser energy. Such features are easily observable using
an optical microscope. In this paper, SR values (Ra,
RzISO) are measured with different methods and
compared to a value obtained with the cross-

sectional micrograph of the investigated surfaces (see
Figure 1).
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State of the art

The state of a surface is not only determined for
discussing aesthetics of a product but also for all kind of
physical aspects like corrosion or chemical resistance,
friction and optical properties just to name the most
important. The characterization and quantification of
surface features has been widely developed for onedimensional profiles. Gadelmawla [1] put together an
exhaustive list of values that can be extracted from a
single profile line to determine the surface state of
produced goods. One-dimensional surface analysis is
extensively covered by standards that are regularly
updated and/or changed. In the 1980ies, the interest of
characterizing the surfaces in three dimensions began to
increase and the European Community issued a
publication in 1993 on "The development of methods
for the characterization of roughness in three
dimensions" [2]. This document established the basis for
further development and acceptance of surface
roughness parameters. Recently, the first international
standard for measurement of three-dimensional surface
texture has been issued [3]. There are about 30
parameters to be determined to get a 3-D description of
its characteristics.

Figure 1 Micrograph processing steps from microscope picture to binary and interface pattern recognition
for the up-face of the cube (resolution 1486*100 pixels)
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However, despite the broad panel of surface parameters,
people in industry refer to the arithmetic average
roughness (Ra) and the ten highest points roughness
(Rz(ISO)) because they are most easily comprehensible
and graphically clear. This is why the surfaces
investigated in the present paper are characterized using
both parameters.

The most widespread and accepted surface roughness
parameter is the arithmetic mean surface roughness (Ra)
which is calculated from [4] as follows:
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(1)

Where “l” is the measuring distance and “Z(x)” is the
ordinate value of the one-dimensional profile.
The average height of the 5 highest and 5 lowest peaks
Rz(ISO) is a commonly used value in the industry and is
calculated as follows:
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Where n is the number of samples along the measured
distance, pi and vi are the five highest peaks five lowest
valleys respectively along the profile. This ten-point
height defined in the ISO 4287:1984 is not an ISO-value
anymore since 1997[3].
An important aspect of the surface characterization is
the differentiation between intrinsic roughness and
waviness of the profile, i.e. the shape errors of second
and third order. By choosing a suitable cut-off length,
the low frequency waviness can be filtered out and thus
enable the measurement of the intrinsic roughness. The
value of the filter differs with the roughness amplitude
of the profile. The standards DIN EN ISO 16610:201306 “Geometrical product specifications –Filtration”
present in details the filters applicable for the profile
and areal data sets.
A standard profilometer measurement consists of seven
segments of equal distance. The first and last segments
act as buffer and dampen the oscillations of the stylus.
The actual measured value is averaged over the five
single measurements. In the standard DIN 4768, the
wavelength cutoff frequency is defined as the length of
one single-length measurement.
The issue about rough parts printed with SLS machines
has already been addressed by many researchers in the
last years. Their investigations led on how to reduce this
inherent surface roughness by optimizing the process
parameters at hand [5, 6, and 7]. Other researchers
decided to improve the powder itself to lower the SR as
Schmachtenberg [8] does and obtained conclusive
results by surface-modification of PA12 powder using
different surfactants and thus changing the wetting
behaviour of the solid and melt particles. Kerckhofs [9]
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compared different measuring techniques (contact and
non-contact) with a high resolution micro focus X-ray
computer tomography (micro-CT) to investigate the SR
on metal printed parts. The question is how
representative are the measured values to the real
texture. There exists a multitude of devices to determine
the surface roughness and they differ in acquisition time
and complexity. The industry needs rapid and reliable
ways to determine the properties of their freshly
produced parts.
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Methods

To compare the outcome of
surface
characterization
methods on SLS-printed
parts, a cube has been
sintered on an EOS P-760
Z
machine
using
the
Y
X
conventional
production
parameters given in Table 1
and polyamide 12 powder. Figure 2 CAD file of the
As can be observed on cube sample
Figure 2Figure 2 CAD
file of the cube sample,
each face of the cube is identified with a roman number.
It was positioned so that the face I represents the upface, II the down-face and faces III-VI the lateral faces.
The cube did not undergo any surface treatment other
than sand-blasting.
Table 1 Building parameters for the samples made on EOS
P760

Parameter

Value

Unit

Laser power

38

[W]

Outline laser power

5.5

[W]

Scan spacing

0.25

[mm]

Layer thickness

0.1

[mm]

6

[m/s]

Laser speed

The surface roughness is investigated using four
different methods. Two conventional contact methods
with stylus, one optical method combining confocal
microscopy and interferometry and finally a novel
method using an elastomeric sensor to render high
quality surface pictures developed by GelSight, Inc., a
MIT start-up.
3.1 Mahr Perthometer S3P
The first and most conventional apparatus is a
profilometer Perthometer S3P from Mahr. The tip of the
stylus (RFHTH-250) has a radius of 5µm and an angle
of 90°. The measurement length is set to 5.6 mm and the
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scanning speed is 0.5 mm/s. For each face, 4
measurements are made per direction at regular
intervals. The outcome of each measurement is the
arithmetic surface roughness along the profile (Ra)
based on the standard DIN 4762:01.89 and the average
surface roughness (Rz(ISO)) based on the standard DIN
4768:05.90.The built-in cut-off filter for the measuring
length of 5.6 mm is thus one seventh of this value, i.e.
0.8 mm.
3.2 Veeco Dektak 150
The Veeco Dektak 150 is a contact profilometer from
the company Veeco Instruments Inc. with a stylus tip of
2.5µm. The surface of the cubes is scanned four times in
each direction with a speed of 0.5mm/s on a length of
5.6 mm. Veeco suggests setting the cut-off length as one
fifth of the measuring length, for our purpose it is set to
1.1mm. The Ra and Rz(ISO) values are directly obtained
from the Veeco built-in software.
3.3 Leica DCM 3D
The non-contact investigation in this comparison is
done with a Leica DCM 3D microscope; it couples the
advantages of interferometry and confocal microscopy.
The surface of the cube is scanned on an area of
3.41x2.53 mm; the Z-height scan is done on 260 µm
using the objective 10X.The obtained height map is then
computed using the irpd MATLAB script calculating the
Ra and Rz(ISO) for both directions of the surface.
3.4 GelSight
The fourth technique is a novel surface characterization
technique developed by a team of MIT researcher
explained in details in the following articles [10, 11]. It
is based on an elastomeric sensor covered with a
reflective skin. The sensor is pressed onto a surface; its
reflective skin conforms closely to it and lends it its
optical properties. The area is successively illuminated
and photographed from six directions. The change in

directions encodes local surface slope. The pictures are
subsequently computed with a photometric stereo
algorithm, developed by GelSight, creating a surface
normal map of the investigated area. Finally, the surface
normal map is integrated into a height map that can be
analyzed using the MATLAB script developed at irpd.
The Ra and Rz(ISO) are calculated for both directions of
the surface. For the presented comparison, the
measurements were done at 1X magnification with a
spatial resolution of 4.2 µm per pixel. An area of 2000 x
2000 pixels (8.4x8.4 mm) is selected from each scan for
3D processing. The measurements are filtered with a
cut-off filter of 1.1 mm.
3.5 Optical micrograph
The final step in the comparison is the optical roughness
measurement of cross-section of the investigated
surfaces. The cube is embedded in resin and
subsequently grinded and polished. The cross-sectional
profile is then photographed using a Keyence VHX1000 with a magnification of 100. The micrographs are
processed with the Gnu Image Manipulation Program
(GIMP) into a binary file to recover a clear separation of
the interface between the sample and the resin. From
this binary profile, the contour is parameterized as a
function of x, the lateral distance, and y, the height of
the profile. Finally, the Ra and Rz(ISO) of the contour are
computed using the irpd MATLAB routine. The contour
function is filtered using a Gaussian filter with a cut off
length of 2 mm. The sampling length is divided into 7
single lengths from which only the five central will be
considered for the computation of the surface
roughness. In order to ensure reasonable results, an
algorithm has been developed to take into account only
the data points that can be observed from a top-view of
the surface can be assimilated to a theoretical value of
the different surface roughness parameters.
This calculated value is compared to the measured
values obtained with the four methods and will help
finding out which are the most accurate. To simplify the
assessment of our results and the comparison between
the different methods, the surfaces investigated are flat.

Figure 3 Capture of surface of a SLS-produced part by
GelSight, 10X on an area of 2.2 x 1.5 mm

pixel brightness corresponding to the six illumination
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Results & Discussion

4.1 Micrographs of surface profiles

Figure 4 Graphical representation of the transformation steps between the micrograph of the cube and its contours
computed with the MATLAB recognition algorithm; the resolution of the pictures is 1486*100 pixels

Figure 4 Effect of Gaussian cut off filter on Ra and Rz values of the contour curves obtained from the micrographs of Figure 4

As observed in Figure 4, the surfaces of the cube
present complex structures and the red curves represent
the interface between the part and the resin. These
results confirm the observations made on parts produced
by SLS, the top face is smoother than the side or down
faces. The Figure 4 shows the impact of the cut off
filter on the calculated Ra and Rz(ISO) values. The values
obtained for the down and side faces are much higher
than the values for the up face of the cube. This
difference is observed in the red contour of the interface
showing more intricate features.
The filtering of the data with the Gaussian cut off filter
shows a major impact on the calculated roughness
values. The exponential decay trend is observed for all
faces and is especially blunt for the Rz(ISO) values. The
important variations in roughness between the faces
make it difficult to determine an optimal filter length
applicable to all. From Figure 4, it seems that the down
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and side face present higher variations in the long
wavelength range because the roughness values
obtained are extraordinary high. But, in the present case,
in order to be consistent with the standard DIN 4768
used for the Perthen as well, the cut off filter is defined
as one seventh of the micrograph’s measuring length, 2
mm. The surface roughness values of interfaces are
compared to the values obtained with the abovepresented measuring techniques. However, it needs to
be taken into account that the “theoretical” roughness
measured from the interfaces represents only one crosssection on a cube of 15 x 15 mm2. The value is taken as
comparison basis between the other techniques.

4.2 Methods outcome comparison
The following figures present the measured surface
roughness parameters Ra and Rz(ISO) with the four
characterization methods and the value obtained from
the micrograph analysis.

March 12–13, 2014, Berlin / Germany
www.ddmc-fraunhofer.de

faces. The highest and lowest points of the surface do
not seem to depend on the orientation of the build. The
roughness value in the Z-direction is as well for each
method bigger than the X-direction value. The
micrograph analysis shows relatively low value even
though the features observed on Figure 44 look really
rough.

Figure 5 Techniques comparison on the basis of Ra and
Rz in X and Y directions for the UP face

The direction of the measurement does not seem to
influence the surface roughness when the surface points
upwards. The values are close and their error bars are
overlapping. This trend is confirmed with all the
techniques. However, the techniques present important
deviations, from Rz around 40 µm for the Perthen until
60 µm for GelSight. The roughness calculated from the
micrograph analysis is clearly not in accordance with
the results obtained with the conventional techniques.
Does it mean that the chosen filter is too high and filters
out even the shorter wavelengths present in the profile?
It is interesting to note that, for the up face, the
micrograph values of Ra and Rz(ISO) without filter lie
well within the measured values, i.e. Ra=9.6 µm and Rz
= 52.2 µm.

Figure 6 Techniques comparison on the basis of Ra and Rz
in X and Y directions for the DOWN face

Concerning the down face of the cube, the roughness
values for Leica, Veeco, Perthen and the micrograph are
relatively close. The GelSight values are above the rest
but stay within reasonable values for SLS surfaces. As
for the up face, the direction in which the roughness is
measured does not have a strong impact on the result.
The side surface of the cube presents as expected
rougher features in both directions when it comes to the
arithmetic average Ra due to the layer-wise building of
the parts. However, the peak-to-valley height Rz is
slightly above the values obtained for the up and down

Figure 7 Techniques comparison on the basis of Ra and Rz
in X and Y directions for the SIDE face

The trend of the Perthen method presenting lower
results might result from the fact that the tip of the
stylus has a radius of 5 µm and is thus less sensitive to
high frequency variations. On the opposite, GelSight’s
results are well above the others for every single
measurement. As shown in Figure 3, the sensibility of
this technique is very high; all the details of the surface
are taken into account, the deep valleys and highest
peaks. This high resolution would then enable a more
correct rendering of the real surface. Another simpler
explanation is that the GelSight data has been filtered
with a 1.1mm cut off filter and as shown previously, the
effect of the cut off filter has a major impact on the
calculated roughness. With a filter of 2 mm, the results
might be more comparable to those of the others
techniques.
Regarding the variability of the measurements given by
the error bars, the large variations for both Leica and
GelSight come from the fact that from the height map,
for each and every line of the matrix, the Ra and Rz(ISO)
values are computed and then averaged. The variations
between the many profiles are thus extensively taken
into account which enables a higher probability to find
the maxima and render the surface in a realistic manner.
This aspect is important when comparing the contact
and optical methods, the profilometer determine the
roughness from 4 singles lines when the Leica and
GelSight compute the roughness for thousands of lines.
Unlike the Leica, GelSight does not depend on how the
surface interacts with light; it just adapts closely to the
geometry and renders a high quality picture of the actual
surface without artefacts. For this reason, this technique
makes it very interesting for highly reflective PA12
parts produced by SLS.
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4.2 Effectiveness of measurement method
Table 2 Recapitulation of time needed for acquiring the data
presented for each characterization method

Tot.
samples

Time per
sample
[/min]

20

4

2

3

24

0.83

Leica

15

1

2

3

3

2.50

Veeco

18

4

2

3

24

0.75

GelSight

9

1

2

3

3

1.50

Samples

Faces

Direction

Time [min]

Perthen

Method

An important aspect of surface characterization methods
is how rapid and easy to execute. The above table
renders the average time needed for a single
measurement with each method. This value does not
take into account the calculation and graphic
representation of the results.
At first glance, it seems that both profilometer (Perthen
and Veeco) are the most efficient methods. However,
GelSight and Leica enable to capture the whole surface
and thus acquire much more information than the
profilometer can. If the time needed to represent the
results graphically and compute the surface roughness,
GelSight and Leica provide a high resolution height
map that can be processed within seconds to determine
in detail the state of the surface. The profilometer will
provide a value averaged over four measurements. The
amount of information per unit of time invested in the
measurement is much higher for the optical methods.
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Conclusion and Outlook

In this paper, an investigation of surface roughness
characterization methods is presented for SLS-produced
parts. Contact and non-contact methods are compared
with a theoretical value obtained through image
processing of the profile of a part produced by SLS. The
impact of cut off value for data filtering is determining
to obtain useful results and a comparison basis. The
results of the investigated methods differ sometimes as
much as double between the less sensitive (Perthen) and
the most sensitive (GelSight). The time needed to
complete the measurements has been assessed and
reveals that optical methods deliver clearly higher
information - time ratio than the profilometer. The
GelSight method is very promising for the
determination of surface roughness on SLS parts.
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