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PREDICTION OF THE SHAPE ACCURACY OF PARTS FABRICATED  

BY MEANS OF FLM PROCESS USING FEM SIMULATIONS 

The prediction of component properties from the Additive manufacturing (AM) process poses a challenge. 

Therefore, this paper presents the development of a novel machine data (G-Code) based procedure as well as its 

programming implementation of a process simulation in ANSYS Mechanical for the fused layer modelling 

(FLM) process. For this purpose, an investigation of additively produced components with varying parameters 

made of polylactic acid (PLA) is carried out and simulated by means of the developed method. Application  

of the developed method makes it possible to predict the thermally induced distortion of PLA-Parts based on  

the machine data from the FLM process before production. 

1. INTRODUCTION  

Additive manufacturing (AM) processes allow complex shapes to be created and thus 

allow to rethink design approaches and optimize existing machine elements [1–5]. AM 

describes production processes in which solid components are produced by layered 

construction from a wide variety of shapeless starting materials. Therefore, no moulds or 

tools are required [6, 7]. The technologies of additive manufacturing itself have matured 

significantly and offer opportunities to produce products that are not feasible or cost-

effective with conventional methods such as machining or injection moulding [3]. Due to 

this increasing technical maturity of additive manufacturing processes and the associated 

improvement in product properties, additive manufacturing processes are becoming 

increasingly important for industrial applications [6, 8]. Thus, the requirements for 

additively manufactured components increase. For example, in the production of near-net 

shape components, it is a major challenge to minimize the reworking effort while at  
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the same time improving component properties [3]. The specification and verification  

of geometrical tolerances leads to new requirements in design and quality engineering  

[9–11]. A variety of process parameters, such as material deposition speed and temperature, 

arrangement and direction of build-up paths, orientation of the part within  

the workspace of the AM machine, as well as boundary conditions, influences the accuracy 

and physical properties of the manufactured parts [12, 13]. Consequently, there is  

a superordinate need to be able to simulate the process of manufacture, as well as to 

minimize the frequency of possible process-related failures. The most widely used additive 

process in the field of plastic application is the "fused layer modeling" (FLM) [7]. In this 

process, simplified, molten plastic is applied to a build platform. The extruder is a heated 

nozzle. A typical Build-up of an FLM machine is shown in Fig. 1.  

 

Fig. 1. Build-up of an FLM machine 

 

 

Fig. 2. Thermograph of the printing process 

The plastic filaments, which are used to print, are pressed into the extruder by means 

of a mechanical drive (feeder) and heated with electric heating to just above the melting 

temperature. This liquid plastic is applied to the previous layer or build platform by  

the extruder according to the layers of 3D geometry. The liquid plastic strikes the respective 
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preceding layer (or the build plate) and melts them slightly, cools on contact due to the heat 

conduction and solidifies. Once the material cools, it hardens quickly. This behaviour was 

observed by means of a thermography camera. A qualitatively example of the cooling 

during the process can be seen in Fig. 2. A connection between the still hot plastic layer and 

the lower, already completed layer takes place only when the material is applied with 

pressure on the solidified structure. As a result, the still circular section of the applied 

material in the nozzle is pressed into a rounded rectangle [8]. 

The cohesion between the pressure-applied path of polymer arises due to the material 

connection during the cooling process. Since these paths are deposited on each other,  

the surface quality of the components is usually relatively low [14]. The distance between 

the preceding layer and the extruder head, as well as the volume flow of the liquid material, 

are matched to one another in such a way that track widths result as uniform as  

possible [14]. 

The advantages of the FLM process include the speed of the printing process, a low 

production price, the large selection of materials (filaments) with almost complete use  

of materials and finally the ability to produce compact components with surfaces filled with 

material. One of the major disadvantages of the method is the limited form accuracy and 

often required support structures. Therefore, the arrangement or alignment of the parts in  

the assembly chamber as well as the print kinematics and geometrical parameters of the 

process has a great influence on their properties and their appearance (shape) [2, 6, 15, 16]. 

The requirement for additive manufacturing processes to produce a real component 

from almost any CAD geometry, repeatable and in top quality, is one of the current 

challenges for companies using additive manufacturing. The use of simulation software, in 

which printing processes are realistically modelled, is an important solution for optimizing 

additive manufacturing processes and making them more efficient and cost-effective [17]. 

Hence, there is a need to simulate the process of additive manufacturing in order to predict 

various aspects of the process as well as component quality and productivity or ultimately to 

design the process. The efforts are largely still in the development stage, with some finite 

element method (FEM) software manufacturers having started to present solutions with  

a special focus on the metal sector (e.g. for the Selective Laser Melting (SLM) process)  

[18–25]. Those approaches are using the assumption of “superlayers” which combine 

multiple layers for the simulation to reduce calculation effort [17]. Those layers are 

activated successively to simulate the process. However, for this layer-wise approach, there 

are some restrictions. A limitation of the layer wise approach is that an entire layer is 

activated at a single time step and, for example, a multiple wall thickness cannot be 

represented. Another limitation of the stratified calculation is that individual layers are quasi 

homogenized by the assumption of a preferred direction. No real machine data is used to 

model the trajectories of the build.  

 It is also striking that significantly more solutions exist for the metal-based than for  

the plastic-based processes [18–25]. With increasing economic interest of users of plastic 

components [26, 27], especially in the field of reinforced plastics, such as PEEK [28],  

the need to make the FLM process more stable, and to predict the component properties 

increases. In addition, it is necessary to avoid any failures or inadequate results when using 

high-quality reinforced plastics, often for several hours of production. 
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In the study presented here, a method was developed that maps the thermal distortion 

(warpage) of the FLM process and thus predicts the final shape of the examined 

components. Accordingly, the shape required during the printing process can then be 

determined with which the desired geometric final state is achieved after cooling and 

thermal distortion. 

2. EXPERIMENTAL INVESTIGATION   

To evaluate the results from the developed simulation method specimen were 

manufactured to compare the thermal deformation (distortion) which result of the FLM 

process itself. The specimen, as well as the simulated models were examined for dimen-

sional accuracy. A comparison of the thermal history could not be observed during the ma- 

nufacturing process. 

2.1.TEST COMPONENTS AND MEASUREMENT METHODS 

The test specimens were designed in accordance with the guidelines of the standard for 

determining the tensile properties of plastics DIN EN ISO 527-2 [29] and can be seen in 

Fig. 3. The focus of the investigations was the flatness on the upper side of the test samples 

which is marked in Fig. 3. This geometry appeared suitable because it has different cross-

sections with uniform areas. In order to investigate the influence and the evenness around 

boreholes, a hole with a diameter of 5 mm was also inserted. The test sample was designed 

with the CAD system “ANSYS SpaceClaim” and then exported as STL file, with  

a maximum deviation of 0.4 mm and a maximum angle error of 4 degrees as tessellation 

settings. 

 

Fig. 3. Geometry of the specimen 

The printing material used was the synthetic polymer PLA. PLA is biodegradable and 

has the potential to replace conventional petrochemical polymers for both industrial and 

medical applications [30, 31]. The PLA material data important for the FEM were taken 
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from the preparatory work [32] and literature [33-36]. The dimensional accuracy of the 

specimens was evaluated using a 3-coordinate measuring machine of the type MC850 from 

Carl Zeiss AG using an Ultra High Precision Caliper UHPC stylus system (measuring ball 

radius R = 2.5 mm). 

2.2. PRODUCTION OF THE TEST SAMPLES IN THE FLM PROCESS 

The specimens were manufactured on the 3D printer type Replicator Gen5 

manufactured by MakerBot. For all test samples produced, filament by MakerBot of the 

same spool was used to avoid any variations in material quality. In order to avoid 

unintended and disturbing air flows from the outside, the side walls of the 3D printer were 

insulated with polystyrene panels. The acrylic glass build platform was equipped with "Blue 

Masking Tape" to improve adhesion between the build platform and the part. 

The CAD data of the test samples were prepared with the software Simplify3D for 

 the printing process. In this investigation a set of multiple parameters has been examined  

(Table 1). The slicing settings were adjusted according to the selected parameters. These 

parameters were chosen because of their great influence on the dimensional accuracy and 

deformation. However, the printing speed was not considered although its big influence on 

the shape accuracy to initially test the developed simulation method. The samples were each 

prepared individually and placed in the same position on the build plate. The specimen 

manufacturing occurred at room temperature of 22–23°C and the separation from the build 

plate after a cooling time of 10 min. Five samples were prepared per parameter set, stored 

for at least 24 h and then measured. 

Table 1. Slicer Software Settings 

Setting Value 

Printing speed 45 mm/s 

Infill rate 100 % 

Infill orientation α 0°; 45°; 90° 

Number of contours 1; 3 

2.3. FORM ACCURACY OF THE FLM PRINTED SPECIMEN 

The test samples were examined on the 3-coordinate measuring machine and evaluated 

with the help of the programs Calypso (Zeiss AG) and GOM Inspect. 

Similar to the preliminary investigations [37–39], it was found that significant 

differences occur depending on the print direction in the FLM process [32]. Different 

temperature fields caused by varying webs according to the print direction lead to 

inhomogeneous volumetric deformations. This effect was found in all samples, especially at 

the corners, as well as at the edge of the hole in the sample [32]. In part, this can be 
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attributed to the kinematics of the FLM system or the path planning of the slicer software. 

Since the paths of the plastic have a start or end point, slight overlaps occur at certain 

points, which leads to an accumulation of material and thus to a bulge. Furthermore,  

the extrusion rate of the plastic is kept constant over several webs. In the case of different 

webs, this leads to a non-uniform material application due to the acceleration (or vibration) 

of the drive. All test series have in common a large deformation at the edge around the hole. 

 

Fig. 4. Typical distribution of the measuring points on the upper printing layer of the specimens  

(measurement: 3-coordinate measuring machine of the type MC850, manufactured by Carl Zeiss AG) 

In the presented study, test samples from the first experimental block were examined 

for shape accuracy. The test samples were made with 100% fill, a simple wall thickness, 

with a travel speed of 45 mm/s and with a varying alignment of the filling structure.  

The results of the survey are shown in Fig. 4. When aligning the fill structure by 0 degrees 

to the X-axis, there is a slight bulge around the sample waist, but this increases towards  

the ends of the sample. More uneven are the results for the samples with a 45 degrees 

orientation. These have a more pronounced bulge, which can be seen particularly strong in 

the bore. With 90 degrees alignment with the X-axis, a bulge in the area of the sample waist 

arises upwards. Especially the comparison to the sample with a 0 degrees orientation shows 

an opposite behaviour of the deformation. 

3. SIMULATION OF THE FLM-PROCESS 

3.1. GENERAL APPROACH 

In order to predict the possible deformations of the FLM process, the production  

of the specimen was mapped using a transient thermal and a sequential structural numerical 

simulation with the Software packages of ANSYS. A thermo-mechanical analysis is 
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required for the calculation of a thermally induced internal stress and the associated 

distortion in components manufactured in the FLM process [40]. The temperature field 

calculation is carried out in the first step. In the second step, these time-dependent 

temperature fields are used as thermal boundary conditions for the mechanical analysis [40]. 

To simulate the FLM process of the successive material application in a FEM software 

it took some preliminary work, as this was not possible to represent with standard methods 

in ANSYS. For the FE calculations, a method was designed, implemented and tested. 

Unlike the one layer at a time, the method in this paper uses a path-wise approach. The layer 

wise approach has been investigated for metal based AM process by Keller [17].  

The procedure presented here, for calculating the entire process, is shown in Fig. 5. Therein 

the difference between the two approaches is marked in colour. 

 

Fig. 5. Developed approach of the simulative mapping of the FLM process 

The technology known as “birth/death” is used to model the process. This 

functionality is available in ANSYS with the scripting language Mechanical ANSYS 

Parametric Design Language (MAPDL). The challenge was to map the process, which was 

predefined by machine data and tool path, into the FEM program used by means  

of the “birth/death” technology and to express it with MAPDL commands. For an 

automated evaluation of the input data, as well as the generation of the settings and process 

data in the FEM software, an extension had to be programmed. The ANSYS Customization 

Toolkit (ACT) was used in ANSYS, which made it possible to develop functions that fully 

automatically prepare and execute the simulation. 
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3.2. INPUT DATA 

In general, very detailed calculations can be carried out, as with the layer-by-layer and 

path-wise methods. For this, the component as well as the auxiliary structures and the build 

platform are required as separate geometries. Furthermore, the additional geometries 

generated by the slicer software, such as Brim or Skirt, are initially neglected and thus 

deleted for the FEM simulation. The geometry of the construction platform is necessary to 

realize the heat conduction from the component into the build platform and to map the heat 

capacity of the real construction platform. On the other hand, this is needed so that in  

the structure calculation, the structure of the component by a fixation as a boundary 

condition is not stiffened too much. 

The Geometry was meshed with a body fitted cartesian mesh. The mesh size is 

automatically defined as a multiple of the layer thickness according to the machine data. 

This value can be modified to change the accuracy of the simulation. 

For the modeling of the material PLA an orthotropic temperature-dependent elasticity 

and thermal expansion coefficient was assumed. For the implementation of the heat  

of fusion, an enthalpy had to be specified as a function of the temperature relative to  

0 degree Celsius. All other material properties are assumed to be constant. 

The prerequisite for the manufacturing process is that this ensures a continuous 

attachment of the part to the build platform to be manufactured. Therefore, a bounding 

condition between the part and the build platform is defined. Also, any defects during 

manufacture such as e.g. “Elephant foot”, “over extrusion”, “delamination” cannot be 

considered. Furthermore, it is assumed that the build space is perfectly completed and thus 

no forced convection can take place. 

As was found in the literature and market research, so far only the layer wise approach 

is used. However, there are some restrictions. A limitation of the layer wise approach is that 

an entire layer is activated at a single time step and, for example, a multiple wall thickness 

cannot be represented. Another limitation of the stratified calculation is that individual 

layers are quasi homogenized by the assumption of a preferred direction. Exact effects  

of the alignment of individual path segments cannot yet be considered in this study. 

With the method of path wise activation, thermal distributions caused by the trajectory 

can be well represented. In addition, layer-internal differences, such as, for example,  

the path orientation, can be represented, which have a significant influence on the behaviour 

of the part [32]. However, the path-wise method requires significantly more time steps for 

this by the individual activation of each path segment. This leads to an increased  

calculation time. 

3.3. THERMAL SIMULATION 

After processing the input data, all the information needed is now available to perform 

a transient thermal calculation. As described, the information was passed to the solver by 

means of MAPDL commands. These commands are written directly to the solver's input file 

using the automation developed.  
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The ambient temperature and temperature of the build platform are set to 20 degrees 

Celsius. All other settings e.g. extruder temperature, build time and layer thickness were 

taken from the G-code file, then processed and set by an automation scripted in Python. 

Thus, the initial temperature of the individual elements is taken from the extruder 

temperature information. In the specific case of the FLM process with the material PLA  

a temperature of 200 degrees Celsius is specified. 

The conduction between the component and the building platform is realized via  

the contact condition and the thermal conductivity of the two bodies. For the definition  

of free convection, the heat transfer coefficient was needed to determine the energy 

exchange between the body and the environment in terms of time, free surface and 

temperature difference. For the application of air in a closed room, reference values from 

the literature [41] can be taken as a heat transfer coefficient h of 10 W/(m
2
K).  

In determining the time steps, on the one hand, the process and, on the other hand,  

the stability of the system had to be considered. In order to prevent overshoot or oscillation 

of the system, time steps had to be inserted at the beginning of the calculation without load 

application for the thermal calculation. As with the manufacturing of the samples, the part is 

cooled for a further 10 min without load after manufacturing. 

In the path-wise approach, not all elements of a layer are activated at once, but several 

elements are activated in succession according to the G-code along the defined paths.  

The elements are activated with a predefined starting condition of 200 degrees Celsius.  

In addition, a convection is applied to all nodes lying on the surface. With this method, 

thermal distributions caused by the trajectory can be better represented. This requires 

individual sampling points. In the process, the toolpath trajectories are defined and grouped 

into individual segments as individual straight paths between two points. The absolute 

length of a segment is defined by the time required by the G-code. This can be adjusted to 

adjust the time resolution and accuracy of the process representation. The resulting 

increased number of sample points avoids element detection errors. However, in some 

cases, elements cannot be activated by a combination of unfavourably placed sample points 

and the path of the toolpath over the mesh. This exception is visualized in Fig. 6. 

 

Fig. 6. Element detection error due to badly placed sample points 
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After defining the paths, programming is done for the calculation in a second MAPDL 

instruction. For the successive activation of the individual paths, all elements must first be 

deactivated before the first load step so that only the build platform can be reactivated in  

the following. The time step following shortly is used to clear the boundary condition  

of the temperature at the activated elements so that the elements can cool down freely. 

This lasts until the next path specified by the G-code is activated. This process is 

repeated as long as paths are specified in the G-code and the entire component is 

constructed. 

3.4. STRUCTURAL SIMULATION  

With the temperature profile known from transient thermal simulation, the mechanical 

data can now be used to calculate the deformation (warping) caused by the process. 

This mechanical distortion is caused by the thermal expansion coefficient when  

the local temperature deviates from the reference temperature. This means that the part 

requires the activation temperature and the build platform needs the ambient temperature as 

the reference temperature. This setting is automatically set by the programmed extension 

and checked before the calculation. As load variable in the structural mechanic calculation, 

the temperatures of the previous temperature field calculation are applied to the nodes  

of the model. This is done by reading in the result values of the temperature field 

calculation. For this purpose, the inhomogeneous temperature distribution is transferred to 

the corresponding time step on the mechanical model. It is important that the time steps  

of the mechanical calculation correspond to the time steps of the imported temperatures.  

In addition, the specifications of the mechanical boundary conditions are made.  

In the case of path-wise calculation, the structural mechanical calculation must take 

analogous steps to the thermal calculation as far as possible. In this context, relationships 

between the time steps with the imported loads were also be taken into account. The time 

specified in the MAPDL command must be set equal to the time in the analysis settings. 

After these settings have been made by the developed program, the calculation can  

be started.  

4. RESULTS OF THE THERMO-MECHANICAL FEM-SIMULATION 

The results of the simulation performed are compared with the measurement results  

of FLM-printed specimen below. In the simulation, a method should be developed that can 

initially map the process of additive manufacturing with the provided input data and, 

without extensive investigation, it should be compared in terms of thermal distortion with 

the measurement results. The simulation or the calculation of the samples took place with 

the procedure described in Chapter 3.1 The sample geometry was meshed with an element 

size of 0.4 mm and the build platform with an element size of 5 mm. The number of time 

steps for the calculation varies depending on the specification from the G-code.  
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In the simulation with the configuration of the test series one to three with a printing 

speed of 45 mm/s, a single contour and a varying infill orientation of 0; 45; 90 degrees 

succeeded with the developed methodology of the path-wise activation to achieve a good 

mapping of the process. For example, in the calculation of the first series of tests,  

a maximum deformation in the upper level of 0.279 mm was calculated and by  

the evaluation of the levelness measurement (see Fig. 4) a deformation of 0.273 mm was 

determined. The accuracy of the simulation in comparison to the measurement is thus 

2.35%. The scattering of the levelness measurement is only 0.06 mm.  

When examining the measuring points in comparison to the simulation, good matches 

can be seen. For example, the deformation increases each time to the ends of the sample left 

and right (see Fig. 7 mark 1). In addition, a deformation around the hole can be seen in  

the simulation (see Fig. 7, mark 2). Remarkable is the strong bulge in the measurement 

result around the hole (see Fig. 7 mark 3), which, however, is due to a measurement error 

after visual inspection. 

In addition to the simulation of the deformation, the course of the comparative stress 

(von Mises) was also analyzed. This is shown in Fig. 8 for this sample configuration. There, 

the increased residual stress after cooling in the lower region of the sample is clearly visible. 

In the case of failure of the component to adhere to the build platform, this effect produces 

the described “warping” (Section 3.4). Furthermore, it can be seen that these thermally 

induced residual stresses in the upper edges of the sample could be reduced by deformation. 

When calculating the test series with an increased wall thickness, only a minimal change in 

the results could be observed when using the layer wise method. Therefore, as described, 

the path wise method was used which provided more accurate results in the prediction  

of deformation in the FLM process. 

 

Fig. 7. Result of deformation calculation and levelness measurement of the first test series 
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Fig. 8. Visualisation of the residual stress after 10 min cooling 

5. SUMMARY 

In the presented study, the FLM process with test components from PLA was 

examined experimentally and theoretically for a consideration of the quality. In order to 

predict the shape accuracy of the test components, two simulation models of the FLM 

process were developed. It was achieved that process parameters were read in automatically 

from the input data of the real FLM process and used for the FE calculations. The important 

novelty of this approach consists in the method of considering direct machine data within 

the FE simulation. Thus, the process simulation approach can be integrated into  

the conventional manufacturing chain. The simulation was carried out by means  

of a transient thermal and a sequentially coupled static mechanical calculation method.  

The prediction of the maximum deviation between the simulation and the measurement with 

the configuration of 45 mm/s printing speed is thus 2.35%. In this manner, various process 

parameters could be considered in the calculation and each resulted in an approximate good 

result compared to the respective tactile flatness measurements. In the following 

investigations, an exact determination of the material characteristics is carried out to 

calibrate the material model developed for the FEM. The long-term goal of the planned 

research activities is the distortion compensation of the components manufactured in  

the FLM process. The method of simulative prediction proposed here makes it possible to 

consider the residual stresses in additively manufactured components for post processing to 

produce high-precision components. 
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