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Abstract 

The processes for manufacturing parts using additive manufacturing have 
meanwhile conquered a firm place in both the plastics and metal sectors. The 
processes usually work with a strong heat input, which can lead to distortion or 
shrinkage of the components. In order to calculate and compensate these 
undesired effects in advance, the finite element method is ideally suited, since 
multi physical simulations are now part of the standard equipment of software 
tools. Some experts therefore assume that the possibilities of simulation 
represent the next level of automation of additive manufacturing processes. 

In the present paper, the possibilities have therefore been tested using a leading 
commercial tool. On different 3D metal parts, thermomechanical analysis as 
well as a purely mechanical analysis using a calibration part and the method of 
inherent strains were worked over. For thermomechanical analysis, 
approximately 60 different input values had to be determined, queried, 
calculated or simply guessed. In the purely mechanical analysis, only one real 
calibration part had to be created on the same printing machine with the same 
material and a deformation vector had to be measured during cutting. 

The SLM (Selective Laser Melting) printed parts were precisely scanned and 
thus served as reference geometry for the deviations from the drawing 
geometry. The results from the process simulation - especially the distortions 
due to heat input - were compared with the deformations of SLM manufactured 
parts. There were hardly any differences between the results of the two 
simulation methods. The biggest differences were - of course - found during an 
additional investigation of the scanning directions and the position of the parts 
in the build-up chamber of the metal printer. The compensation of the 
distortion by the inversion of the calculated distortion resulted in a significant 
improvement of the distortion on the real parts, but led to rougher surfaces.  

This first step into the simulation of the additive manufacturing process 
showed very encouraging results. Especially the method with a calibration part 
showed astonishingly good results and convinced with its advantages: 
reasonable computing times, independence from determination of the settings 
of the 3D-printing machine and powder quality as well as general practicability 
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--> universality. Both methods have important advantages and disadvantages, 
which are compared here. From the findings of the present work, clear 
demands can be derived from the point of view of everyday users for the 
further development of the software tools. 

1. Introduction

In recent years, additive manufacturing (= AM) has gained a permanent place 
as a complementary manufacturing process, which allows new designs and 
functions due to the greater freedom of design. At the same time, many finite 
element tools offer all possibilities of multi physical analysis. Therefore, it is 
obvious to simulate the additive manufacturing processes - in which many 
complex physical effects run simultaneously - with the FE method in order to 
better understand the AM processes on the one hand and to improve their 
efficiency on the other hand. Some experts therefore even assume that the 
possibilities of simulation represent the next level of automation and efficiency 
of additive manufacturing processes. Some call it: a new frontier for simulation 
[11]. In the meantime, all major companies in the CAE market have recognized 
this potential and are offering their first tools or add-on's to simulate additive 
manufacturing processes. 

As a university of applied sciences, that has been training generations of 
students in the application of FEA for many years and that also deals 
intensively with the possibilities of AM, it was therefore obvious to simply test 
how far one could get with these simulation tools. We applied SIMUFACT 
Additive [1, 2] with version 3.0 at the time of the investigation. This paper 
describes the experiences that could be gained in the context of a Bachelor's 
thesis [3]. Selective Laser Melting was chosen as the AM process because 
SIMUFACT can describe this process on the one hand and our printing partner 
ECOPARTS AG [4] is a pioneer in SLM implementation in Switzerland and 
has a lot of practical experience in the application on the other hand. The SLM 
process is sufficiently described in the literature, e.g. [5]. Figure 1 shows the 
principle setup of the powder bed process. 

There are two possible methods to simulate the SLM process: 

1. complete thermo-mechanical simulation with all nonlinear effects
2. Manufacturing of a calibration part on the same printing equipment and

with the same material as the part to that shall be manufactured.

Both methods are based on the inherent strain methodology (see e.g. [8]). In 
relation to the second method, one finds different experiences: Keller [6] 
successfully introduced a certain calibration part in his doctoral thesis, which 
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can now also be found in many other papers. Moreover it is used in 
SIMUFACT as well.  

Figure 1:  principle setup of the SLM  powder bed process, that builds the part layer by 
layer [3] 

Bugatti [7], on the other hand, reports unsatisfactory results, whereas he only 
uses a simple cube as a calibration part. In the following, the experiences and 
results with both methods are described and compared with each other in 
different respects. Further literature references served as inspiration and basis 
for what can be expected and which problems can occur [9, 10]. 

2. Definition of the test parts

In order to obtain as diverse results as possible and also to sound out the limits 
of the SLM procedure and its simulation, various parts were defined. In order 
not to infringe any copyright rights, none of the aircraft brackets often used in 
the literature was used. Figure 2 displays all the self-created parts. 

Fortunately, our 3D-printing partner [4] was able to provide one of his 
customer parts (Figure 3a), which was very demanding in production and 
showed a lot of distortion. Because of the high distortion, it was a very suitable 
part for this study and developed into our main investigation part. 

Material of all parts:  TiAI6V4 (DIN No. 3.7165). 
All parts are about the size of a hand. 

3. Comparison of calculation methodologies

Just like probably most tools, SIMUFACT also works with the inherent strain 
method [2, 8] in order to arrive at a result within reasonable computing times. 
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This is despite the fact that today's tools could theoretically map all physical 
effects in detail.  
As already described in the introduction, the inherent strain method can also be 
applied in two ways. With (called "mechanical" in SIMUFACT) or without a 
calibration part (called "thermo-mechanical" in SIMUFACT). Fig. 4 explains 
that two different approaches very clearly. 

 

Figure 2:  a)  Shortened tension bar DIN EN ISO 6892-1  b) full rotational symmetry 
part  c) varying wall thickness part  d) Turbine-like structure = demo part 
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Figure 3:  a) cover (customer part)  b) calibration parts with three different scanning 
directions [1]  c) Red arrow indicates the cutting plane that creates the z-distortion 

The pros and cons are: 

Thermo-mechanical Analysis: 
+ No additional components have to be produced 
+ Good adaptability to changes in part geometry 
- relatively long calculation times 
- Complex parameter determination: Information must be given about: Build 
up parameters, machine settings, many physical properties of the part and base 
plate, support structure data, printing chamber and some FE mesh data. In all, 
there are 57 settings. In some cases, these are difficult to determine, because it 
also contains settings of the machine that are not of interest to the machine 
manufacturer. Some parameters can be determined under simplified 
assumptions, e.g. the heat transfer coefficient from the part to the surrounding 
gas, etc. 

Mechanical Analysis via a calibration part: 
+ Requires only the main machine parameters like power etc. 
+ relatively quick simulation 
- Calibration part required and produced before or with the actual part  
- Only valid for respective process, machine, machine settings and 
corresponding material 
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Figure 4:  comparison of the thermo-mechanical simulation with the mechanical 
simulation: two different approaches to determine the inherent strains  

Which method to choose naturally depends on the particular circumstances. 
We wanted to know whether and how the results differ. 

Since various input values of the thermo-mechanical analysis can only be 
determined uncertainly, a sensitivity analysis was carried out to determine 
whether these had any influence at all on, for example, the distortion of the 
component. 

The sensitivity values for the heat transfer coefficient, relative material density 
and thermal conductivity of the support structure were examined based on the 
tension bar. It quickly became apparent that the results were very sensitive to 
changes in the input parameters analysed. The percentage changes of the 
deformation result are in the similar range of the change at the input value. 
This circumstance clearly exhibits that it is important to define input values 
that are as exact as possible in order to obtain accurate simulation results. 

Therefore, before validation, it was expected that - for very different reasons - 
both methods would not be able to reflect the true conditions accurately enough 
for practical applications. 

4. Validation 

In order to validate and compare the two simulation methods the printed parts 
had to be measured so that the deviation from the nominal drawing geometry 
could be determined. Therefore the parts were 3D scanned with a high-end 
optical measuring system (GOM ATOS Compact Scan 5M). So, the distortions 
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from thermo-mechanical simulation, mechanical simulation, printed part and 
nominal geometry could be compared with each other. 

The results were very similar for all the parts. Therefore, we focus here on two 
parts. Figure 5 depicts the validation results for the cover part. 

 

Figure 5:  Distortion results compared with the nominal drawing geometry: a) thermo-
mechanical simulation, b) mechanical simulation c) printed part 

The simulation results predict significant distortion on the component cover 
(Figure 5a, 5b). The strongest deformations occur in the wall areas of the 
geometry where the part has been separated from the base plate. The cutting 
direction has a clear influence on the distortion direction. The component was 
separated from position 1 in the direction of position 2, which means that stress 
relaxation can first take place in area 1. If the cut reaches position 2, most of 
the existing stresses are already converted into a deformation and practically no 
further distortions occur. It is noticeable that the two simulation variants are 
very similar and have only minor differences to each other. This is rather 
surprising, since some input parameters are relatively uncertain in the thermo-
mechanical simulation type. Areas that appear dark red are areas that contain 
significant deviations from the target geometry due to the deviating section 
plane. The cover produced by SLM printing also shows clear distortions 
(Figure 5c). Although these are hardly visible to the eye, they are made clear 
by comparison with the nominal target geometry. The cutting direction is 
identical to that of the simulation, which is why the rear part of the cover is 
more distorted. It is clearly visible that the results of the simulation and the real 
construction process are in a similar range. A comparison between the printed 
component and the simulation result should illustrate that knowledge (Figure 
6). 
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Figure 6:  Comparison of distortion between thermo-mechanical simulation and SLM 
manufactured component 

It is easy to recognize that a large part of the deviation is in the range of ± 100 
µm. Part of this deviation could be due to the color sample applied in the 
scanning process and due to the manufacturing tolerance (± 50 µm). The dark 
red and dark blue areas that exceed the scale are probably due to some of 
support structure that has not been completely removed. Here, further finishing 
methods such as grinding are required in practice. It can therefore be stated that 
despite the lack of convergence during the convergence study and some 
uncertain input parameters, reality and simulation agree very well. 

Figure 7 presents the validation for our demo part. 
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Figure 7:  Shape deviation from nominal geometry of the mechanical simulation 

The results of the two simulation approaches are also relatively close for the 
demo component. Figure 7 shows the shape deviation of the mechanical 
simulation compared to the nominal drawing geometry. As expected, the shape 
deviations are rotationally symmetrical. The forces arising from the 
construction process in the circumferential direction are therefore in 
equilibrium. It is very probable that a large part of the shape deviations is 
caused by the shrinkage occurring during cooling. Here the cutting direction 
from base plate obviously has no noticeable influence on the distortion. 

 

Figure 8:  a) Section cut through simulated part b) Section cut through scanned model 
of real component 

Figure 8 depicts the shape deviations from the nominal geometry of the 
mechanical simulation and the real component. A section through the 
component was generated to illustrate the symmetry in the results. Black lines 
represent areas that were not captured with the 3D scanner. It is noticeable that 
the simulation on the cylinder wall predicts a stronger shape deviation than is 
the case in reality. The contrary applies for the inside of the component. For 
this part there are clear deviations between simulation and reality. 

Interpretation: The comparisons between simulation and reality show that the 
majority of simulation results predicts the distortions quite well. As could be 
shown in the sensitivity analysis, deviating values cause significant changes in 
the results. Nevertheless, most of the results of the two simulation approaches 
correspond astonishingly well with reality and the maximum differences 
amount to approx. 20% of the largest shape deviations. It is difficult to 
determine whether these deviations are due to the input parameters or the 
element size used, because no mesh convergence could be reached with 
reasonable effort. As expected, rotationally symmetrical components exhibit 
significantly lower deformations when manufactured using the SLM method 
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than non-symmetrical or only partially symmetrical components. This 
corresponds to the statements made by the experts in practice [4]. 

 

5. Investigation of the possibility to optimize distortion 

Since the software tool offers the possibility to compensate for the predicted 
distortion, and since the simulation results were very encouraging, and since 
the component cover is very well detectable by 3D scanners and also delivered 
clear distortions, this component seemed ideal for checking the distortion 
optimization possibility of SIMUFACT Additive. The result of the thermo-
mechanical simulation is used. When producing the distortion-optimized 
geometry, all process and machine settings used to produce the undeformed 
geometry were retained. 

 

Figure 9:  SLM-process manufactured components, a) original, b) warpage-optimized 

The pre-deformation of the component geometry has resulted in a conspicuous 
pattern on the upper side of the component, as can be seen in Figure 9. The pre-
deformation creates a kind of height profile on the component surface on which 
different machining planes can be seen. This is due to the fact that the 
compensated surface is no longer parallel to the base plate. This effect causes 
an undesirable surface structure which may require additional finishing of the 
component. 
The pre-deformation of the component based on the results of the thermo-
mechanical simulation has however led to a significant improvement in the 
geometric consistency. This can be seen very clearly from the illustrations in 
Figure 10.   
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Figure 10:  shape deviation from nominal geometry a) original component b) optimized 
component c) optimised component with adapted colour scale 

To visualize the remaining shape deviations, Figure 10c shows the optimized 
component including the adjusted color gradient. The detectable shape 
deviations are within ±0.2 mm. Dark red areas indicate strong geometrical 
deviations, which are due to the support structure not being completely 
removed. It is noticeable that blue areas are increasingly visible (negative 
deviations). This indicates that the component has been overcompensated. To 
prevent this, the scaling factor could be reduced when creating the pre-
deformed geometry. 
It has been shown that the method of pre-deforming components can be a 
useful means of improving component quality and also leads to a noticeable 
reduction in shape deviation. In order to minimize the remaining shape 
deviations, the value for scaling the pre-deformation must be selected as 
optimally as possible. It should also be noted that the compensation may result 
in additional (and costly) work for the post-processing of the components. 

 

6. Additional knowledge gained from further test series 

It is well known both in the literature and in practice that the scanning strategy 
of the laser and the position of the part in the building space have a great 
influence on the quality [10] and thus also on the distortion. This was 
confirmed by a series of tests on the tension bar (Fig. 1a) [3]. The next step was 
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to investigate whether these effects could also be detected from the simulation. 
Using the example of the tension rod, two different scanning strategies and 
their effects on the deformation of the component were investigated. 

 

Figure 11:  Comparison of the capabilities to map the scanning strategy 

As the investigations have shown, effects related to the scanning direction are 
not mapped. Although in the mechanical simulation approach the scanning 
direction and the rotation can be defined in the process settings, the simulation 
results do not correspond to the results of the printed part. There is only a very 
small difference between the simulation results of the processing in length and 
width direction. In reality, however, a difference is clearly visible. In the 
thermo-mechanical simulation, the scanning direction cannot be defined, 
therefore there are identical simulation results in length and width direction 
processing independent of the scanning direction. In addition, the two 
simulation variants differ significantly in the amplitude of the distortion. The 
findings that the deviation between simulation and reality in the example of the 
tension bar is so big is astonishing, but can be explained by the simulation 
approach. In the simulation, several powder layers are combined in one voxel 
element. The simulation approach is based on the fact that a scanning strategy 
is used in the real process, which provides for rotation across the different 
processing planes. This minimizes the directional dependencies of the stresses 
within the component. Since no uni- or bidirectional machining strategy is 

© NAFEMS 2019 REPRODUCTION AND REDISTRIBUTION PROHIBITED nafems.org

Presented at the NAFEMS World Congress 2019 Québec City, Canada | 17-20th June 2019

This paper was authorized by Roger Oswald to be distributed by simufact engineering GmbH



usually used in practice however, this simplification is easily comprehensible 
and acceptable due to the macroscopic simulation approach. 

Since these important build-up strategies cannot be reproduced in the 
simulation, one wanted to know what effect this deficiency could have on the 
statements on mechanical strength. For this purpose, samples were generated 
according to Fig. 12 and measured in a standard tensile test. 

 

Figure 12:  Description of scanning and build-up strategies 

The results showed the effects that could be expected (Fig. 13). Tensile 
strengths in the range between 1050 and 1200 N/mm2 are achieved in all 
specimens. This is approximately in the range of available material data sheets 
for TiAl6V4 powder. From this it can be concluded that the influence of laser 
strategy and build-up direction on the tensile strength is rather small. 
According to the literature, the tensile strength of TiAl6V4 is approx. 895 
N/mm2 and is thus clearly below the value resulting from the SLM process. 
This is due to the very fine-grained micro structure which results from the high 
cooling rate. According to the data sheets, the tensile strength expected from 
the manufacturer was only partially achieved. Deviations in the mechanical 
properties can be caused by differences in the tensile tests as well as varying 
process parameters. The laser power used in particular is likely to have a major 
influence on component strength. Depending on the temperature and the 
cooling process, a different microstructure is formed. 
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Figure 13:  Tensile strength for different scanning strategies and build-up directions 

The results make it clear that an appropriate safety factor must also be applied 
on 3D printed parts. 

 

7. Conclusions 

The following conclusions can be drawn from these experiences with the 
getting started with the simulation of the SLM process: 

• It is essential to know and understand the subtleties of the process and the 
settings on the printing machine in detail. 

• The simulation tool used can be learned in a reasonable time if 
knowledge of the FEA application is already available. The offered 
tutorials [1] are very useful. 

• The results with the simulated parts showed a surprisingly good 
correlation between the prediction of the distortion and the actually 
produced distortion on the printed part. This despite the fact that many 
input parameters have to be estimated for thermo-mechanical analysis and 
only a single value of the calibration part is used for mechanical analysis to 
determine the inherent strains. This could not have been expected, 
especially after the sobering sensitivity analysis. 

• Especially unexpected is the mostly good correlation of the mechanical 
simulation approach. However, this would have to be verified on further, 
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quite different parts. Nevertheless, for a fast prediction with reasonable 
computing times it seems to be a very promising approach. 

• From an academic point of view, the results are promising. However, there 
is still a lot to be done before the simulation can greatly reduce the number 
of failed attempts, even for the experienced practitioner, and even until a 
part comes out of the printer first time right. 

It can be concluded that the simulation can be a useful tool in the application 
and for the further development of the AM methods. 

 

8. Future developments 

Basically, there are two possible ways to simulate AM processes: 

1. simulate each physical sub-process in detail (e.g. also the weld pool) 
2. make simplifications which do not take into account every detail, but 

nevertheless capture the essential process parameters and reproduce them 
correctly enough. 

While the first approach is quite possible from the point of view of the multi 
physical capabilities of the simulation tools, it seems to make sense only from 
an academic point of view, since the effort to determine all input values is 
exorbitant and therefore not competitive in the practical application. 
As this study has shown, the approaches on inherent strains are promising ones. 
From our point of view, the approach about the calibration part should be 
further developed and can be applied and tested especially for other AM 
processes. We are thinking, for example, of the LMD (laser metal deposition) 
procedure. 

What seems most important to us, however, is that the requirements and wishes 
of experienced printing service providers are increasingly being taken into 
account. For example, they want to know how to optimally position the support 
structures, where to reduce the laser power, where to apply which scanning 
pattern over which region of the structure, how to optimally position different 
parts in the build-up chamber, what does an economically and qualitatively 
optimal packing of the machine space look like, etc.  

This can already be achieved in individual solutions using existing simulation 
technology. However, it means that the following individual tools are 
combined into one single software package:  CAD of the part to be printed, 
slicing and support creating software, machine control software, FEA 
simulation, AM simulation, coverage of the subsequent processes such as the 
removal of the part from the base plate and any subsequent operations. 
Therefore, mergers or at least close partnerships of different software suppliers 
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and or machine suppliers are to be expected and imperative in the near future. 
We are aware that many of the requirements described here will already have 
been met at the time of the presentation of this paper, as the development is 
progressing very quickly and the competition among the suppliers is strong. 
 
In such a holistic approach, all parties involved should also be interested in 
creating a common database for recurring setting values, so that not every 
single user has to compile laboriously an experience database by himself. 
Gantenbein [3] describes this vision in Fig. 14, while Stucker calls it a closed-
loop design-and-build cycle [11]. 

 

Figure 14:  vision of a unified software that would accelerate the benefit of AM in the 
daily applications [3] 

The future will show whether market forces will develop in this direction and 
whether the next level of automation in the AM processes will really be 
reached. 
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