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Geometric Stability of Parts Produced by 3D Printing

Radomir MENDRICKY*, Rakeshkumar D. SONI

Abstract: The article focuses on an analysis of the long-term dimensional stability of parts produced by additive technology (using 3D printing). The models were already
manufactured by different additive technologies such as FDM, PolyJet, SLS, and SLA a year ago. These models would be scanned using an ATOS 11 400 3D contactless
scanner and inspected by GOM Inspect Professional V8 depending on the principles of the 3D printing and optical digitisation. The parts were dimensionally and shape
inspected 3 months after production, one year after production and one year after production with exposure to climatic tests (test-1: cyclic changes in the temperature and
humidity, test-2: exposure to ultraviolet radiation). Then this analysis of measurement was compared with the CAD model and the printed model on the first day after printing.
Based on this analysis, and from the point of view of ageing with respect to time, the technology and material that have a good dimensional and shape stability are discussed.
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1 INTRODUCTION

Additive Manufacturing (AM) was developed for
industrial applications due to its remarkable capabilities,
such as building complex parts that are otherwise difficult
to manufacture by conventional methods. AM is a layer-
by-layer automated fabrication process for making scaled
3-dimesional physical objects directly from 3D CAD data
without utilising part-dependent implements. It was
basically called "3D printing". AM can be subdivided into
different techniques such as Stereolithography (SLA),
Selective Laser Sintering (SLS), Fused Deposition
Modelling (FDM), Selective Laser Melting (SLM),
Laminated Object Manufacturing (LOM) and many more
processes such as three-dimensional printing (3D printing)
and PolyJet that have accessed the market. Today, AM is
trending in all major industries such as the automotive and
aerospace fields to medical implants, fashion and other
fields (e.g., advanced craftsmanship and structural
planning). Furthermore, AM is applicable in engineering
and non-engineering fields and has domestic applications
as well [1-3]. The advantages and disadvantages of each
Rapid Prototyping (RP) process are dependent on the type
of material and building styles utilised for the fabrication
of the components. The material utilised in these processes
include Acrylonitrile-Butadiene-Styrene (ABS),
Polycarbonate (PC), photo-curable resin, polyamide, wax,
metal/polymer/ceramic powders, adhesive coated sheets,
etc. [1, 4]. The quality of the RP material is adequate for
limited scale applications, but does not always fulfil the
quality and accuracy preconditions for vast applications for
industrial purposes [1, 4, 5].

During the research, a few additional studies
concentrating on the technological details have been
suggested, such as which parameters need to be set for the
printing and which materials need to be used for the
printing and material properties, and after the printing,
what are the effects of the environmental conditions with
respect to time [6-9]. Several studies can also be found in
the available literature that have dealt with the influence of
process parameters on the quality and accuracy of the FDM
3D printing technology [10-12], PolyJet Technology [13],
SLM technology [14], or SLS technology [15].

In this paper, we mainly focus on the analysis of the
long-term geometric stability of parts produced by additive

technologies such as FDM, PolyJet, SLS and SLA. The
models were already printed twelve months ago
(hereinafter referred to as a "year") and were scanned by an
ATOS II 400 3D contactless scanner and inspected by the
GOM Inspect Professional software. All of these models
were scanned and inspected at several time intervals, such
as after 3 months, after a year and after a year with standard
test-1 (i.e., temperature and humidity - one cycle runs for
720 min and the temperature ranges from —40 °C to +80 °C
and the relative humidity ranges from 30% to 80%) and
test-2 (i.e., the ultraviolet lighting-outdoor cycle test is
described in Tab. 1).

Table 1 Climatic test conditions for Outdoor - daytime

Climate parameter Unit Dry climate Humid Climate
Black standard o (measured
C (measured value)
temperature value)
Test chamber oC 013 913
temperature
Rel. atmospheric o
humidity & <30 > 60
Radiation intensity W/m? 1000 + 100 1000 + 100

These measurements were compared with the CAD
model and the printed model on the first day after printing.
Based on these analyses, the dimensional and shape
stability of additive manufacturing must be checked from
the point of view of ageing overtime. In addition, some
parameters were taken into account, such as the effect of
the technology used, the 3D printer used, and the effect of
test-1 and test-2.

2 METHODS AND MATERIALS
2.1 Manufacturing the Test Sample

The model, as shown in Fig.1, was already designed in
CAD software a year ago. Based on the designed 3D CAD
model, a further description was made with respect to the
dimensions and measurable parameters by scanning and
inspection with the help of the GOM Inspect Professional
V8 software. The measurable parameters were the diameters
of sphere 1, sphere 2, sphere 3, the spacing between two
spheres, the diameters of inner cylinder 1, cylinder 2,
cylinder 3, outer cylinder 4 and the flatness, horizontal and
vertical dimensions.
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Figure 1 Designed 3D CAD model

All these things are represented in the form of a 2D
drawing of the CAD model with inspection labels in Fig. 2.
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Figure 2 2D drawing of the CAD model with inspection labels

Table 2 Description of the manufacturer's printer and material and the standard

2.2 Measurement Methods and Equipment Used

In order to inspect the shape and dimensional precision
of the manufactured part, the whole part had to be
comprehensively measured. Currently, Optical 3D
measuring technologies and full-filed surface measurement
systems have become standard tools in virtually all
industries worldwide. Those methods provide several
significant advantages when compared to other
conventional methods. Due to the high data density, they
enable one to obtain a real 3D model of objects with
complex shapes with high precision [4]. In this paper, an
ATOS 1II 400 optical contactless 3D scanner manufactured
by GOM was used (Fig. 3) [16].

The technical parameters of this scanner are shown in
Tab. 3. The ATOS 3D scanner is 3D coordinate measuring
machine with high degree of flexibility. The fast, non-
contact, optical 3D scanner delivers a high-resolution point
cloud which precisely describes free-form surfaces,
finishes, and geometries. The sensor forms the basis for a
diverse range of measuring tasks - from simple 3D
scanning to fully automated measurement and inspection
processes. The ATOS Essential line with the GOM Scan
software is designed for simple scanning tasks. Its focus is
on 3D scans of high data quality for applications such as
reverse engineering or rapid Prototyping [17].

Length of camera support (center of cam-

|

Fringe projector

Camera support

Camera lens right R

Projector lens P

Camera lens left L

test Veasurg dsance
Layer
No. Printer Material thickness Model Test Camera angle
/ mm

1 DM ABS-P400 | 025 Full Solid | 2 et )

Dimension

FDM .
2 Dimension ABS-P400 0.25 Sparse light 1 reT———
3 FDM Fortus ABS-M30 0.25 Full Solid 1
4 FDM Fortus ABS-M30 0.25 Sparse light 2
1 Center of the measuring volume
5 POIngB(())bJ ect Vero Grey 0.016 Matt 2 ®
PolyJet Object

6 00 Vero Grey | 0.016 Glossy 1 Peye———

SLS EOSint Vertically
7 P395 PA 2200 0.1 printed 2

SLS EOSint Horizontally
8 P395 PA 2200 0.1 printed !
9 | SLAForm2 | WhiteResin | 005 | Fullmodel |,

) TUL
ABS 3SP Full model

10 | SLA Ultra 3SP Tough 0.05 Out side 1

These parts were manufactured by different Additive
technologies such as FDM, PolyJet, SLS and SLA with
different materials and structure of printing. Each sample
was made twice for a total of 20 samples. The manufacturer's
properties of the printer and materials are described in
Tab. 2.

Y

—

[ 1 im o

Figure 3 ATOS optical scanner with the definition of the terms referring to the
sensor unit [17]

The ATOS system is based on the triangulation
principle: The sensor unit projects different fringe patterns
on the object to be measured and observes them by two
cameras. Based on the optical transformation equations,
the computer automatically calculates the 3D coordinates
for each camera pixel with high precision. According to the
Acceptance Test by GOM, the maximum measurement
deviation of the said device is 0.017 mm for the "Sphere
Spacing Error" parameter and 0.004 mm for the "Probing
Error (Max. Sigma)".
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Table 3 Technical Parameters of the ATOS Il 400 optical scanner
ATOS 1I 400 Optical Scanner

Weight 5.2kg
Dimensions 490 x 260 x 170 mm
Time of 1 scan 1 second
Measured Volume 250 x 200 x 200 mm
Resolution 1800000 px
Point density 0.18 mm

max. 0.03 mm

Measurement error

When scanning, first set the cameras ideally at an angle
of 45° to the table top and scan a sufficient number of
images within 360° (in our case, 14 positions were used).
The digitisation process of the inspected sample is shown
in Fig. 4. Depending on the camera resolution, a point
cloud of up to 4 million surface points results for each
individual measurement.

L]
R itilg, ‘“l.'

- lll.‘l""’ Be-

(3]

Figure 4 The digitisaion proess of the inspected sample

After digitising an object; many individual
measurements from various views are required. The
transformation into a global coordinate system is
performed automatically by means of the reference points.
Each individual measurement completes the building-up of
the 3D model of the object to be scanned. In addition, the
unnecessary part should be removed from the scanned
model, and then the scanned part will be converted into an
STL file. It gives a better quality visualisation.

2.3 Analysis of Manufacturing Accuracy

After scanning the models and converting the files into
STL ones, the measurement of the dimensions was
undertaken with the help of the GOM Inspect Professional
V8 software. The Pre-alignment function was used to
initialise the alignment of the models. Basic geometrical
elements (cylinders, spheres, planes, etc.) were calculated
by interlacing the fitting elements with Gauss Best-fit for
3. Here, some dimensions like the sphere's diameter, the
spacing between two spheres and the inner cylinders, the
outer cylinder with cylindricity were measured (Fig. 5 and
Fig. 6). The figures illustrate that the nominal dimensions
mean the CAD data and actual dimensions mean the
scanned data with deviations.

Sphere 2.0

= Nominal Actual |Dev. Check
Spacing X.LX 0 +12.00 +12.22 +0.22 M
= Nominal |Actual _ Dev. Check /
LX| +56.00 +56.08  +0.08/ FOJ

Spacing Y.LY
= Nominal Actual Dev. Check
Ly| +40.00 +40.00  +0.00| W

Sphere 1.0
= Nominal Actual |Dev. Check
0| +12.00 +12.22 +0.22

= Nominal Actual Dev. Check
O +12.00/ +12.24 +0.24 =a

Figure 5 An example of the measured dimensions - inspection of the sphere
diameters and their spacing (PolyJet - No. 5 after a year vs. CAD)

Cylinder 2

9 | Nominal _Actual Dev.| Check
© | +45.00 +44.79 -0.21 M

Cylinder 1 ~ 0 0.22f =

®  Nominal Actual Dev. Check

© | +25.00, +24.81 -0.19 W

poAl] 0.19[ =0

¥ Cylinder 3
* Nominal _Actual Dev. Check
© | +6.00 +5.83  -0.17 =
peale} 0.12/ =1

Cylinder 4
® Nominal Actual
2 +6.00 +6.22
et}

Dev. Check

Figure 6 An example of the measured dimensions - inspection of the cylinder
diameters (PolyJet - No. 5 after a year vs. CAD)

The flatness of the models was evaluated by the GOM
Inspect Professional software after one year and test 1 and
2, and the results can be seen in Fig. 7. The largest
deviations were measured in the SLA-10 sample, in the
range of +0.18 and —0.10 mm. Furthermore, the external
dimensions of the parts (Dimension X1 and Y1) were
checked.

[mm]

Plane 1.Flatness tolerance

-
= Nominal Actual Dev.| Check [

u
Figure 7 Inspection of the surface flatness after a year with test-1 and 2

In this research, 10 types of models manufactured by
different technologies, equally split between FDM,
PolyJet, SLS and SLA have been used with different
printing structures. Furthermore, this inspection was
compared with the measured dimension on the CAD model
and on the model on the first day after printing. Here, the
average deviation values were calculated and divided into
two groups. Those with values less than 0.05 mm, which
was considered a measurement error, and those with values
more than 0.05 mm, which was considered a model’s error,
which means they do not have good dimensional stability
over time. The results mentioned below show the average
deviations with the time duration after the manufacturing
of the part, such as 3 months, after a year and after a year
with test-1 and 2.
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Fig. 8 shows the diameters of the spheres and it is
clearly defined that, in Polyjet-6, SLS-8 and SLA-10, there
was good dimensional stability (deviation less than 0.05
mm) after a year, but after testing with the standard test-1
and test-2, it shows that there has been some increase in the
deviations (more than 0.05 mm), which means that there is
no dimensional stability after one year and the tests. On the
other side, the remaining models such as the FDM
Dimension-1 and -2, FDM Fortus-3 and -4, Polyjet-5, SLS-
7 and SLA-9, had good dimensional stability (less than
0.05 mm in deviations) throughout time.
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Figure 8 Average deviations of the spheres over time

In Fig. 9, it can be seen that, in Polyjet-6 and SLA-9,
there were not any changes in the deviations of more than
+0.05 mm up to a year, which means good dimensional
stability up to a year, but after using the standard test-1 and
-2, some sudden increase in the deviation of the dimensions
could be seen, which were more than +0.05 mm (no longer
any dimensional stability after a year with test-1 and -2).
Additionally, in SLA-10, there was good dimensional
stability up to 3 months, but after a year and after a year
with test-1, the deviation values increased, so that there
was not any good dimensional stability throughout time.
On the other hand, the remaining models such as the FDM
Dimension-1 and -2, FDM Fortus-3 and -4, Polyjet-5 and
SLS-7 and -8 had good dimensional stability because the
values of the deviation were below £0.05 mm throughout
time.

Spacing between two spheres
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Figure 9 Average deviations of the spacing between two spheres over time

It can be seen from Fig. 10 that the deviation values for
FDM Fortus-4, Polyjet-6 and SLA-9 and -10 were more
than £0.05 mm, which could be considered as no longer
having dimensional stability throughout time. Though in
some cases, the value of deviation was below £0.05 mm up
to a year, after performing standard test-1 and -2, bad
dimensional stability was observed in the models. Apart

from this, the models such as FDM Dimension-1 and -2,
FDM Fortus-3, Polyjet-5 and SLS-7 and -8 had no
deviation changes of more than £0.05 mm during the entire
time.
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Figure 10 Average deviations of the inner cylinders over time

Fig. 11 indicates some minor changes in the outer
cylinder or sometimes no deviations up to a year, but after
using standard test-1 and -2, the outer diameter of cylinder
was increased or decreased. It is clear from Fig. 11 that the
deviation values were not more than £0.05 mm during the
entire time, which means good dimensional stability over
time in all the models.
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Figure 11 Average deviations of the outer cylinder over time

Fig. 12 depicts the average deviation in the cylindricity
over time, such as 3 months, after a year and after a year
with test-1 and -2 compared with the 1% day of printing.
From this figure, it can be seen that, in all the models, there
were some minor changes (less than +£0.02 mm in
deviations) and sometimes they remained constant over
time.

Cylindricity
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Figure 12 Average deviations in the cylindricity over time
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Fig. 13 shows the average deviation values of the
flatness over time. In SLA-10, there was a constant
deviation value of 0.02 mm up to a year, but once the
standard test-1 was performed, deviations were observed
(peak value 0.29 mm deviation). Based on this, it can be
said that the dimensional stability was not good throughout
time. Furthermore, in SLA-9, the deviation value increased
day by day up to 0.10 mm over time (3 months, after a year
and after a year with test-2). In Polyjet-6, no deviations
were observed between 3 months and after a year, but after
conducting standard test-1, the deviation increased up to
0.06 mm. Hence, it could be said the models did not have
good surface flatness stability over time. On the contrary,
the deviation values did not change more than £0.05 mm
for all the remaining models (good dimensional stability
over time -3 months, after a year and after a year with test-
1 and 2).

Flatness
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SLA -No. 9

SLA -No. 10

Duration of time

Figure 13 Average deviations of the flatness over time

The value in the deviation for Polyjet-6 and SLA-9
changed by up to 0.08 mm between 3 months and after a
year (Fig. 14). However, the standard test-1 and -2 rapidly
increased and decreased the deviation up to 0.20 and —0.14
mm, respectively (not good dimensional stability in the
horizontal and vertical dimensions over time). In addition,
the SLS-7 and -8 deviation values increased day by day up
to 0.07 and 0.08 mm (not good dimensional stability in the
horizontal and vertical dimensions over time).

3 Months

SLA No.10

After a vear

Furthermore, in FDM Dimension-3 and -4, Polyjet-5 and
SLA-10, there were changes in the deviation values, i.e.,
more than £0.05 mm up to a year. After that, standard test-
1 and -2 were conducted, which showed a sudden decrease
in the deviation values (£0.05 mm). This means there was
not any good dimensional stability over time. In the last
remaining models, like FDM Dimension-1 and -2, the
deviation values were under +£0.05 mm (good dimensional
stability over time).

In the end, the result of model SLA No. 10 after a year
with test-1 can be observed, as shown in Fig. 15. It is clear
from Fig. 15 that after performing test-1 for temperature
and humidity, a crack was generated (marked area).

Dimensions
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020 | ®3Months
w Aftera year
015 T mAftera yearand test

Deviation [mm]
o o
g 2

FDM Dim. - No.1
FDM Dim. - No.2
FDM For. - No.3
FDM For. - No.4
Polyjet - No. 5
Polyjet - No. 6
SLS - No.7

SLS - No. 8

SLA -No. 9

SLA - No. 10

Duration of time

Figure 14 Average deviations in the dimensions over time

Figure 15 The result of model SLA No.10 after a year with test-1

After a vear and test-1

n.20

0.16

~ 012

-0.12

-0.16

SLA No.10

-0.20

Figure 16 Colour maps of the deviations (after 3 months, a year, a year and test-1) from the printed model on the first day after printing
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3 Months

SLLA No.9

After a vear

After a vear and test-2

SLA No.9

Figure 17 Colour maps of the deviations (after 3 months, a year, a year and test-2) from the printed model on the first day after printing

Figs. 16 and 17 show the colour maps in the deviations
of the printed models (after 3 months, a year, a year and the
standard tests) from the printed model on the first day after
printing. The BestFit function was used to align both
models. It can be clearly seen that, in Polyjet-6, there was
no change up to a year, but after test-1 was performed,
there was a change in the deviation which is represented by
the different colours (Fig. 16). In SLA-9 and -10, there
were changes between 3 months and after a year, but after
standard tets-1 and -2 were conducted, there were more
changes in the dimensions (Fig. 16 and Fig. 17). Based on
these colour maps and analyses, it could be said that there
was not any good dimensional stability in these parts.

3 CONCLUSION

The main theme of this article was to inspect the
dimensional stability of models produced by additive
technologies such as FDM, PolyJet, SLS and SLA with
different 3D printing structures. The models were scanned
and inspected by the ATOS II 400 3D contactless scanner
and GOM Inspect Professional V8 software. The scanning
and inspecting were performed over time, i.e., 3 months,
after a year and after a year with standard test-1 (Humidity
and Temperature) and standard test-2 (UV lighting). The
parameters, such as the diameter of the spheres, the spacing
between two spheres, the diameter of the inner and outer
cylinder, the cylindricity, the flatness of the surface and the
horizontal and vertical dimensions, were repeatedly
measured on the models at each monitored time stage.
Additionally, these measurement data were graphically
compared with the printed model on the first day after
printing. Based on these data comparisons, the deviations
were divided into two groups, less than 0.05 mm, which
could be considered as measurement errors, i.e., a layer of
spray painting, and more than 0.05 mm, which was
recognised as not having good dimensional stability over
time.

Overall, all the measured parameters showed changes
in the deviation (more than 0.05 mm) in Polyjet-6 and
SLA-10, so that there was no longer any good dimensional
stability over time. Based on this analysis and theory, it
could be said that some changes occurred in the material
properties, weight loss, water absorption and shrinkage of
surface material due to the performed standard test-1 of
humidity and temperature. In addition, for the SLA-9
model, all the measured parameters showed deviations of
more than 0.05 mm. Based on this analysis and theory, it
could be said that, in SLA-9, there was not any good
dimensional stability over time due to changes in the

material properties, reduced ductility, changes in the
surface colour and cracking due to the performed standard
test-2 of UV lighting.

Apart from this, all of the remaining models, such as
FDM Dimension-1 and -2, FDM Fortus-3 and -4, Polyjet-
5 and SLS-7 and -8, that there were not any changes in the
deviations of more than +£0.05 mm over time. Based on this
analysis, it could be said that there was good dimensional
stability over time.
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