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Abstract:  

Fused Deposition Modelling (FDM), is an additive manufacturing technology where 

polymers are extruded using appropriate processing parameters to achieve suitable bonding 

while ensuring that overheating does not occur. Among processing parameters, polymer 

inlet temperature, nozzle size, extrusion speed, and air cooling speed are significantly effect 

on the extrusion process at the distance between the build plate and the nozzle tip (standoff 

region). This study aims to evaluate the influences of the processing parameters on the 

thermal behavior and phase change zone of Polyamide 12 (PA12) and Acrylonitrile 

Butadiene Styrene (ABS) polymers at standoff region. A nonlinear three-dimensional (3D) 

finite element (FE) model was developed by implementing an apparent heat capacity model 

using the Heat Transfer Module in COMSOL® Multiphysics software. FE results in the 

standoff region were validated by experimental tests, concerning various nozzle sizes and 

extrusion speed. The validated numerical results demonstrated that there is a complex 

correlation between processing parameters and thermal behaviors such as phase change 

and temperature distribution in the standoff region. The FE results were then employed in 

training an artificial neural network (ANN). A well-established compromise between the 

trained ANN and the FE results demonstrates that the trained ANN can be employed in the 

prediction of further thermal and glass transition behavior using subsequent processing 

parameters. 

 

Keywords: Finite element analysis; Artificial Neural Network; polymers; additive 

manufacturing; 3D printing. 
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1. INTRODUCTION:  

Three-dimensional (3D) printing technologies such as Fused Deposition Modelling (FDM), 

selective laser sintering and, more generally, additive manufacturing (AM) are of interest to 

researchers over the last few decades [1-3]. Unlike subtractive manufacturing technologies, 

additive manufacturing methods create 3D parts directly from 3D CAD models by adding 

melted polymer material layer by layer. Subtractive manufacturing methods typically use 

fabrication equipment such as cutting tools, fixtures and jigs [4]. In recent years, 3D printing 

techniques have become popular manufacturing processes and have been recognized as 

contributing to the ‘third industrial revolution’ [5-10]. 

For small product quantities, FDM technology is significantly low-cost and is efficient in 

terms of material, waste, energy and production time. Hence, FDM is one of the most 

popular additive manufacturing techniques and is extensively used in automotive, 

aerospace, medical, education and civil engineering industries [11-15]. In FDM, a feeder 

introduces a polymer filament into a heating block, where it is melted to a temperature 

higher than its glass transition temperature. Then, the molten polymer is extruded, cooled, 

and solidified onto the build plate layer by layer to form a 3D model.  This method offers 

relatively poor accuracy with inferior surface quality when compared to models printed 

using other manufacturing techniques in the AM category [16]. In polymer 3D printing 

techniques such as FDM, wrapping, shrinkage, dimensional accuracy, and adhesion of 

printed material to the build plate are primarily influenced by thermal factors such as 

extrusion temperature, cooling rate, and melting temperature [17]. One solution to these 

temperature related issues is to determine best processing parameter values and then to 

calibrate the FDM to these processing parameters [18-21]. In FDM, the processing 

parameters include: layer thickness, build orientation, raster angle, air distance, extrusion 

temperature, print speed, infill pattern, nozzle diameter, raster width, and air-cooling rate 

influence on the mechanical properties and the final quality of the deposited parts [18, 22-

25]. In other words, the quality of the 3D printed products in terms of the thermal and 

mechanical properties are depended of the quality of the bonding between the lines and 

layers which can be controlled by adopting optimized parameters. Therefore, precise setting 

of processing parameters is critical to achieving best FDM printing performance [7, 26]. 
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In the extrusion process (Fig.1), the molten polymer at a certain temperature is extruded 

from the nozzle tip and is then laid down over the build plate. Within the process, three 

heat transfer processes occur: in the nozzle, the distance between the nozzle tip and the 

build plate (standoff region), and at the build plate. These heat transfer processes affect the 

mechanical properties of the deposited part [27]. Despite typically being a short distance, 

the temperature distribution of the extruded polymer in the standoff region plays an 

important role in the process due to the associated unconstrained thermal gradients. 

Processing parameters play a significant role in identifying the thermal behavior of polymer 

in the standoff region.  

Several research studies have been conducted to evaluate the heat transfer process in the 

distance between the nozzle tip and build plate using analytical, numerical, and 

experimental investigations [17, 28-30].  

 

(a) (b) 

Fig.1. (a) The schematic of the extrusion system in FDM process, (b) heat transfer in an element of 

the molten polymer within the standoff region of length dx. 

Heat transfer plays a significant role in the melting and solidification of the polymer during 

the printing process. Controlling the heat transfer can significantly improve the quality of 

bonding of the layers which can be achieved by keeping the temperature of the printed lines 

greater than its glass transition temperature [31, 32]. The heat transfer process of the 

extruded polymer during the 3D printing process was determined experimentally using 

various techniques, for example, infrared thermography cameras [33-36]. Several 

experimental research studies have been conducted to define the heat transfer at the 
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nozzle assembly [17, 28, 37]. During the 3D printing process of polymers, several heat 

transfer processes are present: radiation, convection, and phase change. All heat transfer 

processes significantly impact on the quality of the final 3D printed part. As such, the 

relative impact of these processing parameters needs to be determined. This requires high 

familiarity and accurate knowledge of the heat transfer process in the standoff region. 

Unlike metals, the low thermal conductivity of polymers limits heating and cooling rates 

which results in shrinking and delamination during a cooling process [26]. Semi-crystalline 

polymers have a thermal conductivity higher than amorphous polymers. The structure of 

crystals in the polymer and consequently the physical properties of the semi-crystalline 

polymers are dependent on the rate of heat transfer during the cooling process [38]. A high 

percentage of large crystals are formed in polymer during their slow cooling process which 

remarkably increases on its hardness [27]. The 3D printing process is progressive, where a 

3D model is built layer by layer. During this process, the deposited and solidified layer or 

layers experience a heating effect, due to subsequent layer(s), which influence the 

polymer’s crystallinity. This leads to uneven cooling and reheating processes which can 

introduce residual stresses and as such, a reduction in the mechanical properties of the 3D 

printed model. Prajapati et al. [34] observed that in FDM models with thin walls, the 

extrusion temperature influences the extent of cracking and wrapping in the final model. 

FE simulation is extensively used as a prediction tool to evaluate the cause and effect of the 

quality of deposited parts [22, 39, 40]. Thermo-mechanical analysis of FDM process was 

conducted by Courter et al. [41] using FE simulation and the effect of tool path on the 

residual stresses of the part of the model was investigated. Courter et al. [41] conducted an 

FEA study in which the thermal properties of materials including thermal expansion 

coefficient and conductivity were considered constant with only the specific heat capacity of 

polymer being a function of temperature. Zhou et al. [41] observed that there is desirable 

interaction between the tool path and the thermos-mechanical properties of the 3D printed 

parts.  Although good agreement between the realistic and FEA results were observed, Zhou 

et al. [41] suggested that it is necessary to define all the thermal properties of polymers as a 

function of temperature and crystallinity. FE simulation and theoretical modelling of heat 

transfer and rheology of Poly lactic acid (PLA) polymer in the nozzle were carried out by Go 

et al. [30] and Phan et al. [42].  Go et al. [30] and Phan et al. [42] defined the thermal 
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expansion coefficient as a function of temperature at two phases and  reported the heat 

transfer between the PLA polymer and nozzle wall affect the overall printing quality. Zhou et 

al. [43] developed a 3D finite element model for thermal simulation of the FDM 3D printing 

process using birth-and-death feature. Zhou et al. [43] validated the model using the 

infrared thermography imaging method. Their results show a 13% difference between the 

numerical and experimental models. Zhou et al. [43] concluded such discrepancy is due to 

inaccurate modelling of the build plate heat transfer coefficient. Zhou et al. [43] also stated 

that the model with the build plate temperature set at the highest level might require 

further consideration. Improvement in the modified model can be used for the prediction of 

thermal behavior. Using continuous media theory, a thermal finite element simulation of 

the FDM 3D printing process of ABS materials was developed by Zhou et al. [44] and the 

results showed by changing the thermal properties of the material, the modelling method 

would significantly influence the thermal evaluation.   

Several research studies have reported on the characterization and optimization of the 3D 

printing processing parameters [45-50]. For ABS polymer, the effect of layer height, layer 

width and extrusion speed on surface roughness of the FDM 3D printed parts was studied 

by Anitha et al. [45]. The obtained results revealed that the effect of layer height is most 

significant [45]. A derived relation was used as a cost function for optimization [43]. To 

optimize the surface roughness of the FDM 3D printed parts, Thrimurthulu et al. [46] 

developed an analytical model using the genetic algorithm to predict the orientation of the 

3D model regardless of the complexity of the 3D model [51-53]. Four processing 

parameters, including the printing speed at two different sections of the model, layer height 

and layer width were considered by Zhang et al. [47]. The relation between these 

parameters and the accuracy and deformation of the FDM 3D printed parts were 

established using fuzzy comprehensive evaluation and Taguchi method and the optimum 

processing parameters were determined. A statistical optimization method was used by 

Wang et al. [48] to find the optimum processing parameters to optimize the surface 

roughness of the FDM 3D printed parts. A mathematical model was developed by 

Thrimurthulu et al. [46] to optimize the printing time. Thrimurthulu et al. [42] established 

the build orientation as the effective processing parameter and the optimum build 

orientation was determined using the genetic algorithm.  
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Artificial Neural Networks (ANNs) have been increasingly used as non-parametric predictors 

for solving complex problems [54]. Some researchers have used ANN to predict part quality 

in nonconventional and conventional machining process such as milling and drilling [55-57]. 

Their ANN results demonstrated that there is a close correlation between the processing 

parameters and the quality of the manufactured part. The processing parameters of 

numerous conventional manufacturing technologies can be calibrated during 3D printing 

process. While, adjusting some of the processing parameters such as printing pattern, 

printing orientation, layer thickness, nozzle diameter and shell thickness during the 

operation is unmanageable during the FDM 3D printing process [58]. Therefore, to train an 

ANN, the off-line approach is chosen as a function of some processing parameters. 

Researches have not thoroughly studied the combined effect of processing parameters and 

their correlation with the final quality of the FDM 3D printed parts [59-61]. The deficiency of 

a design method, especially in FE, and the lack of a reliable prediction technique might be 

the reason for many associated problems. Systematically conducted robust FE, analytical 

methods as well as a trustworthy prediction methods are currently lacking.  

The aim of this study is to evaluate the significance of the combined effect of processing 

parameters using developed FE simulation analysis and an ANN Prediction Algorithm 

followed by experimental validation of the numerical results. The numerical and 

experimental results in this research contribute to the investigation and prediction of the 

phase change zones and thermal behavior of ABS and PA12 polymers the standoff region. 

To address the main objective of the study, a 3D transient finite element model was 

developed by integration of an apparent heat capacity method and adaptive mesh 

refinement method. Due to variation of thermal material properties of polymer by 

temperature, to achieve accurate numerical results, the thermal material properties of 

polymer were defined as a function of polymer temperature. The FE simulation was 

conducted using the Heat Transfer Module in COMSOL® Multiphysics software package. The 

FE simulation results were then validated by the experiment results. The influence of several 

processing parameters including: nozzle size, extrusion, and air cooling speed on the glass 

transition and thermal behavior of polymers was numerically studied. The FE simulation 

results were used to train an ANN for predicting and optimizing the processing parameters 

of the FDM 3D printing.  
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This paper is structured as follows: experimental procedure to determine the temperature 

distribution of the extruded polymer at the distance between nozzle tip and build plate is 

presented in section 2 and section 3. In Section 4, the mathematical formulation of heat 

transfer in the distance between the nozzle tip and build plate is presented. In Section 5, 

thermal material properties of polymers, including: thermal conductivity, heat capacity, and 

density are defined as a function of temperature and the finite element modelling of the 

extrusion process in the standoff region is discussed. Section 6 refers to the application of 

ANN in the prediction of glass transition and thermal behavior of polymer in the distance 

between the nozzle tip and build plate. ANN training is based on the FE simulation results. 

Finally, the FE simulation and ANN results are discussed in Section 7.  

2. Experimental apparatus and test procedures:   

To determine the temperature distribution of extruded polymer at the standoff region, an 

infrared thermal camera was used. To provide a reliable optical access to the distance 

between the nozzle tip and build plate, custom-made polymer extrusion system 

encompasses a set of E3D hotend (including: exchangeable nozzle, heater, Heater block, 

NTC100K thermistor, nozzle barrel and heat sink), filament feeder (including stepper motor, 

gear, and ball bearing) and an Arduino Mega 2560 and ramps 1.6 based motherboard with 

stepper driver of DRV8850 was designed and used for accurate extrusion of polymer. Fig.2 

illustrates a schematic of design extrusion system and infrared thermal camera. 

3. Experimental results and discussion 

Upon accurate calibration of extrusion system, using ABS polymer and two different sizes of 

brass nozzle (0.4 mm and 0.6 mm), five experiments were conducted at different extrusion 

speeds and the temperature distribution along the standoff region (up to x = 1 mm from the 

tip of the brass nozzle) were recorded. The obtained results are presented in Fig.3, which 

shows that in the standoff region, the highest and the lowest temperature variations occur 

when the polymer is extruded using a nozzle size of 0.4mm at an extrusion speed of 

4.4mm/s and 20.2mm/s, respectively. The extrusion speed has a significant influence on 

temperature variation within the standoff region for both nozzle sizes 0.4mm and 0.6mm. 

Increasing the extrusion speed results in the extruded polymer losing less energy, i.e. 

increase the extrusion speed, decrease the temperature variation in the standoff region. 
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4. MATHEMATICAL MODELLING 

In the extrusion process, as illustrated in Fig.1a, the melted polymer with a mass flow of 𝑚̇ 

leaves the nozzle tip (𝑥 = 0) and deposits on the build plate (𝑥 = 𝐿). As polymer is extruded 

from the nozzle tip, two types of heat transfers including radiation and convection occurs at 

the distance between the nozzle tip and build plate. For simplification purpose, it was 

assumed that the temperature distribution of polymer in this region is steady-state; and, the 

temperature of the build plate does not have any effect on the thermal behavior of the 

extruded polymer. 

 

Fig.2. A schematic of designed extrusion system and infrared thermal camera 

 

Fig.3. The experimental results of temperature distribution of extruded ABS polymer at the distance 

between the nozzle tip and build plate.   
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Using the mathematical relationship in Fig.1b and considering the thermal material 

properties of polymer and two types of heat transfers, the total energy balance of an 

element of length dx can be derived as per Eq.1 [62]:  

𝑚̇𝐶𝑝𝑇 = 𝑚̇𝐶𝑝 (𝑇 +
𝑑𝑇

𝑑𝑥
𝑑𝑥) + ℎ𝑐(𝑇 − 𝑇𝑎𝑚)Pdx+∈ 𝜎(𝑇4 − 𝑇𝑟

4)Pdx      (1) 

where, 𝑃, 𝑚̇ and 𝐶𝑝 stand for the diameter of extruded polymer, mass flow rate, and the 

heat capacity of polymer, respectively. 𝑇am, ∈, 𝜎 and ℎ𝑐  are the ambient temperature, 

emissivity of polymer, Stefan-Boltzmann constant, and convective heat transfer coefficient, 

respectively.   

The total energy balance equation (Eq.1) can be defined in a brief format as per Eq.2 [62]:  

𝑑𝑇

𝑑𝑥
= −

ℎ𝑐𝑃

𝑚̇𝐶𝑝
(𝑇 − 𝑇am) −

∈𝜎𝑃

𝑚̇𝐶𝑝
(𝑇4 − 𝑇𝑟

4)     (2) 

Due to the non-linearity of Eq.2, defining an analytical solution is very challenging. The 

numerical simulation of Eq.2 can be derived by linearizing the radiative term through writing 

an estimated radiative heat transfer coefficient, ℎ𝑟 (Eq.3) [62]:  

ℎ𝑟 =∈ 𝜎(𝑇𝑒𝑓𝑓
2 + 𝑇𝑟

2)(𝑇𝑒𝑓𝑓 + 𝑇𝑟)    (3) 

 

The effective temperature of polymer (𝑇𝑒𝑓𝑓) can be estimated by average temperature of 

extruded polymer which can be calculated using Eq.4:  

𝑑𝑇

𝑑𝑥
= −

ℎ𝑒𝑓𝑓𝑃

𝑚̇𝐶𝑝
(𝑇 − 𝑇∞)           ,        ℎ𝑒𝑓𝑓 = ℎ𝑐 + ℎ∞          (4) 

Eq.5 is used to calculate the temperature distribution in polymer:  

𝜃 =
𝑇−𝑇∞

𝑇0−𝑇∞
= 𝑒𝑥𝑝 (−

𝑥

𝑥0
)          ,              𝑥0 =

𝑚̇𝐶𝑝

ℎ𝑒𝑓𝑓𝑃
           (5) 

Based on Eq.5, the temperature of polymer reduces nonlinearly along the extrusion 

direction [16].  

Using fluid dynamic and thermal analysis, the conduction behavior of polymer were defined 

by Rahman et al. [63]. Other processing parameters in the polymer extrusion process 
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including: the nozzle size, air cooling, printing speed, and melt flow and glass transition 

regions should be considered when developing an accurate model [63].  

Heat transfer is then derived based on the assumption in [60] as Eq.6:  

𝜌𝐶𝑝𝑢. 𝛻𝑇 + 𝛻. (−𝑘𝛻𝑇) = 𝑄                      (6)  

where, 𝐶𝑝, 𝑄, 𝑘, and 𝑢 are the specific heat capacity of polymer, heat power per volume 

unit, thermal conductivity, and extrusion speed in two states, respectively. After polymer is 

extruded from the nozzle, it cools to its glass transition state and releases a large amount of 

energy. Considering the changes in heat capacity and enthalpy, the amount of energy per 

unit mass can be calculated using Eq.7 which is based on the variation of the specific heat 

capacity [63]:  

∆𝐶𝑝 =
∆𝐻

𝑇
                   (7) 

To relate the heat to glass transition of polymer, an apparent heat capacity method is used 

for the heat transfer with a phase change domain [64, 65]. The aim of this analysis is to 

define ∆𝑇 and by considering that the flow is laminar, the fluid velocity (𝑢) and pressure 

(𝑝) are stated in Eqs.8,9 [63]:  

𝜌
𝜕𝑢

𝜕𝑡
+ 𝜌𝑢. 𝛻𝑢 = 𝛻. [−𝑝𝐼 + 𝜇(𝛻𝑢) + (𝛻𝑢)𝑇 − (

2𝜇

3
− 𝜅) (𝛻. 𝑢)𝐼] + 𝐹       (8) 

𝜕𝜌

𝜕𝑡
+ 𝛻. (𝜌𝑢) = 0                    (9) 

where, 𝜅 and 𝜇 represent the dilatational viscosity and viscosity of polymer, respectively. 

The term 𝐹 is the dampen of the velocity of polymer at the modulus-change interface, 

which can be calculated using Eq.10 [63]: 

𝐹 =
(1−𝛼)2

𝛼3+𝜀
𝐴𝑚(𝑢 − 𝑢𝑒𝑥)            (10) 

Where, 𝑢𝑒𝑥, 𝛼, 𝜀 and 𝐴𝑚 are the velocity, volume fraction of the liquid phase and arbitrary 

constants, respectively [28].  

The glass transition behavior of polymers in the FDM 3D printing process is nonlinear and it 

is a function of various processing parameters such as temperature, air cooling and 
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extrusion speed. Therefore, a converged mesh in the phase change zones should be 

employed to assess accurate results. 

 

5. Finite element simulation: 

5.1. Material modeling 

The thermal properties of the polymer including the glass transition temperature, the 

melting temperature, the heat capacity and the thermal conductivity have considerable 

effect on the overall quality of 3D printed [66]. The melting temperature of semi-crystalline 

polymers occurs at a sharp point, while amorphous polymers do not have a specific melting 

temperature. In other words, they are high viscos in the melt state which results in no 

flowability since the viscosity is reduced by increasing the temperature [67]. Therefore, the 

peak of the differential scanning calorimetry (DSC) curve is assumed to be the melting 

temperature of amorphous polymer[68]. 

In this study, the Polyamide 12, PA12 (PA2200, EOS GmbH) as a semi-crystalline polymer 

[69] and Acrylonitrile Butadiene Styrene (ABS) as an amorphous polymer [3] selected and 

their thermal material properties including the temperature-dependent heat capacity, heat 

conductivity and density of polymers were obtained from the literature [63, 70, 71] which is 

illustrated in Fig. 4. The melting and solidification temperature of PA12 polymer is at 

169.7°C and 154.2°𝐶, respectively [70]. The thermal conductivity, density and specific heat 

capacity of ABS and PA12 polymers in both glassy and rubbery states at constant pressure 

are listed in Table.1 [63].  

5.2. Finite element modeling 

To simulate the polymer phase change, the Heat Transfer Module in COMSOL® Multiphysics 

software package (based on an apparent heat capacity method) was used. This Module is 

suitable for various phase transitions [72, 73]. To use this COMSOL® Module for accurate 

modelling of phase change between the solid and liquid states, the thermal material 

properties of polymer should be defined separately for both states as a function of 

temperature and phase transition function α(𝑇). Properties include the heat capacity, 

thermal conductivity, and density of polymer. The phase transition function is equal to zero 



12 
 

and one for a pure solid and a pure liquid, respectively [60]. In the FE simulation, 2D 

axisymmetric models, due to the extrusion system's axial symmetry, were used. 

Parameters that significantly affect the location of transition between the glassy and 

rubbery states include: extrusion speed, cooling speed, nozzle size and extrusion 

temperature (Section 1). Therefore, it is necessary to use fine mesh across the transition 

state to consider the effect of temperature-dependent material properties. A continuous 

adaptive mesh refinement algorithm in COMSOL® was used to find the solidification 

region. Based on this algorithm, the simulation is initiated by a gradual transition between 

the glassy and rubbery states using coarser mesh in first stage. The first simulation was 

then used as a starting point for the next step of simulation with a finer mesh, and this 

process was repeated until the best convergence was achieved. In the present study, the 

linear trial mesh was used for meshing the model. The boundary condition for the first 

step of meshing is illustrated in Fig.5a and Fig.5b-g, and demonstrates the adaptive mesh 

refinement method. The boundary conditions in Fig.5a are similarly adopted for the next 

steps of meshing model. 

 

 

(a) Temperature dependent heat capacity. 

 

(b) Temperature dependent heat 

conductivity. 

 

(c) Temperature dependent density. 

Fig.4. The temperature-dependent properties of PA12 polymer [70]. 
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Table.1. The thermal conductivity, density and specific heat capacity of PA12 and ABS 

polymer in both glassy and rubbery states [63] 

Thermal properties Glassy state Rubbery state Unit 

  PA12  

Thermal conductivity 0.078 0.32 𝑊/(𝑚. 𝐾) 

density 710 1060 𝑘𝑔/𝑚3 

Heat capacity 2095 2215 𝐽/(𝑘𝑔. 𝐾) 

 ABS 

Thermal conductivity 0.3 0.2 𝑊/(𝑚. 𝐾) 

density 1050 970 𝑘𝑔/𝑚3 

Heat capacity 1200 1708 𝐽/(𝑘𝑔. 𝐾) 

 

6. The artificial neural network approach: 

Artificial neural networks (ANNs) are non-parametric predictors that offer useful and viable 

means for solving complex problems and for solution predictions [54]. ANNs can predict 

hidden functional relationships between the effective processing parameters and polymer 

phase change or thermal behavior of the extrusion system as inputs and output of 

networks, respectively [74]. ANNs were developed to mimic the biological nervous system 

[75, 76]. The nodes or neurons, weights and connections (dendrites and synapses) are the 

main components of ANNs. A set of input and out data should be used to train an ANN. 

Once the training of an ANN is done, the ANN can then be used to estimate other input data 

that has not been used during the training process. This capability is called generalization 

[77, 78].  

ANNs consist of four steps including the definition of input and outputs, setting database, 

designing, and training the network and evaluation. The aim of using ANNs in this study is to 

determine the temperature and phase change rate in the extrusion process. A set of 

effective processing parameters as discussed before including the inlet temperature and 

speed, nozzle diameter, cooling rate and type of material are ANN input parameters. The 

temperature and phase change rate at different points along the distance between the 
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nozzle tip and build plate are as output ANN parameters. A set of the normalized database 

 

 

(a) 

  

(b) 

 

(e) 

  

(c) 

 

(f) 

 

(d) 

  

(g) 

Fig.5. FE simulation including: (a) boundary conditions for first step of meshing, (b-d) Adaptive mesh 

refinement in the extrusion process. (e-g) the results obtained from b-d meshing models, 

respectively  
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consists of 98 finite element models were analyzed and used in training different 

architecture of ANNs using the Levenberg-Marquardt  [58, 79-81] algorithm in MATLAB 

Software. From that normalized database, 80% of data was used for training the networks 

and 15% and 5% of data was used for validation and performance testing, respectively. After 

compiling the database, the integrity of data was checked using Microsoft Excel Spreadsheet 

to find the most effective parameters and eliminate the data which can make noise during 

the training process.  

The performance of ANNs significantly depends on the architecture of the network. As such, 

there is no guideline for the choice of appropriate architecture. Trial and error experiments 

are normally used to assess the most-optimum ANN architecture. In this study, multilayer 

perceptron architecture using the Levenberg-Marquardt algorithm and trial and error 

method was used to test and find the optimum number of hidden layers for the ANN with 

highest performance. It has been observed that an ANN consists of one input layer with five 

neurons, one output layer with five neurons, and one hidden layer with seven neurons 

offers the highest performance for this study (Fig. 6).  

 

Fig.6. The architecture of a trained ANN in this study. 

The inlet temperature and speed, air cooling rate, types of materials and nozzle diameter 

were considered as input parameters for the ANN and the temperature and phase change 
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rate at different points alongside the distance between the nozzle tip and build plate were 

assumed as output parameters (Fig.6). The training process ended after 245 epochs with the 

mean error and validation set of 2.235e-6 and 4.857e-6, respectively.  

7. Results and discussions 

7.1. Validation of the FE simulation results 

The FE simulation was carried out to determine the influence of four different inlet 

extrusion speeds 4.5 mm/s, 7.5 mm/s, 16.5 mm/s and 20 mm/s for the nozzle size 0.4 mm 

and two different inlet extrusion speeds 6 mm/s and 8 mm/s for nozzle size 0.6 mm. several 

points along the distance between the nozzle tip and build plate were identified and the 

temperature distribution at these points was compared with experiment results, and shown 

in Fig. 7. From the analytical and experiment results, it is observed that there is a nonlinear 

relationship between the temperature of extruded polymer and the extrusion speed. 

Temperature is dropped when the distance from nozzle tip and extrusion speed is 

increased.  

Comparing the FE simulation, experimental, and analytical results (Fig.7), it can be seen that 

FEM results of the temperature of the extruded polymer estimate slightly lower and higher, 

respectively, in the first and second half of the distance between the build plate and nozzle 

tip. Low-temperature prediction in the first half can be attributed to two assumptions: First, 

the nozzle surface is isolated and there is no heat transfer between the environment and 

the nozzle surface; second, the extruded polymer is fully circular, and its diameter is 

constant. In reality and according to die-swell theory [42], the cross-section of polymer in 

the distance between the nozzle tip and build plate changes slightly and there is some 

radiation and convection heat transfer between the surrounding environment and the 

nozzle surface. 

Fig. 8 shows the temperature distribution of ABS polymer in the distance between the 

nozzle tip and build plate for nozzle sizes of 0.4mm and 0.6mm with extrusion speeds 

6mm/s and 8mm/s, respectively. Fig. 9 shows the thermal behavior of ABS along the cross- 

section of extruded polymer for two different nozzle sizes of 0.4mm and 0.6mm with 

extrusion speeds 6mm/s and 8mm/s, respectively. It can be observed from Fig.8 and Fig.9 

that the variation of temperature in the transverse direction and within the cross-section is 
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minimal, about 2%, and these results are almost the same as the recorded temperature 

 

  

(a) 

  

(b)  

  

(c)  

  

(d)  

  

(e)  

  

(f)  

Fig.7. Comparison of FE simulation associated with the thermal behavior of polymer in the distance 

between the build plate and nozzle tip: (a) Nozzle size 0.4 mm and speed 4.5 mm/s, (b) Nozzle size 

0.4 mm and speed 7.5 mm/s, (c) Nozzle size 0.4 mm and speed 16.5mm/s, (d) Nozzle size 0.4 mm 

and speed 20mm/s, (e) Nozzle size 0.6 mm and speed 6 mm/s, (f) Nozzle size 0.6 mm and speed 

8mm/s. 

through the experiment. Comparing the present FEM results with the experimental and 

analytical results, demonstrates a reliable agreement in the temperature results in 𝑥 and 
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transverse directions. Therefore, the developed finite element model can be employed to 

study the influence of the processing parameters on the temperature distribution of the 

polymer in the extrusion system. 

The glass transition behavior of ABS polymer is evaluated at an extrusion temperature of 

105°C. Using a nozzle with a diameter of 0.4 mm, the molten ABS polymer is extruded at a 

speed of 1 mm/s. In this study, the heat transfer (convection) between the surface of the 

nozzle and the surrounding environment (25°C) is considered. Fig. 10 shows the overall 

energy flux in the process, where the lowest and highest energy flux are released outside 

the nozzle and in the nozzle assembly, respectively. The energy flux is reduced with distance 

from the nozzle center. A small amount of energy flux is released at the nozzle tip due the 

released heat in the secondary glass transition once the molten polymer is extruded through 

the nozzle. 

  

(a) (b) 

Fig.8. The temperature distribution of ABS polymer in the distance between the nozzle tip and build 

plate: (a) Nozzle size 0.4 mm and speed 6 mm/s, (b) Nozzle size 0.6 mm and speed 8 mm/s. 
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(a) (b) 

Fig.9. the variation of temperature in the transverse direction and within the cross-section of 

extruded polymer: (a) Nozzle size 0.4 mm and speed 6 mm/s, (b) Nozzle size 0.6 mm and speed 8 

mm/s. 

 

7.2. Nozzle size: 

Using the FE simulation, the thermal behavior of two types of polymers including ABS and 

PA12 polymers at the extrusion temperature of 215°C were studied. The effect of nozzle size 

on temperature distribution at two constant speeds (4mm/s and 10mm/s) and the ambient 

temperature of 25°C, were analysed and the results are illustrated in Fig. 11. 

 

Fig.10. The overall energy flux of molten ABS polymer during the extrusion process. 
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In this section, the effect of inlet speed was studied without considering the impact of 

nozzle diameter on outlet speed. It can be seen from Fig.11 that at a constant inlet extrusion 

speed, the nozzle size significantly affects temperature distribution in the polymer. The 

temperature is reduced by increasing the nozzle size. Next, the increasing the size of the 

nozzle from 0.2 mm to 0.6 mm at a constant speed of 4mm/s will increase the temperature 

of ABS polymer and PA12 polymer at 𝑥 = 0.5 𝑚𝑚 by 3.2% and 1.84%, respectively. In other 

words, the effect of nozzle size in the amorphous polymer (ABS) is higher than the semi-

crystalline polymer (PA12). By increasing the size of the nozzle, the heat transfer 

(convention) from the outer surface of the extruded polymer is increased. In contrast, the 

temperature in the polymer's center-line is changed slightly because the cooling rate is 

higher on the outer surface. According to physics laws (the equation of continuity), 

increasing the diameter of the nozzle at a constant inlet speed reduces the outlet speed 

which consequently influences the temperature distribution of the extruded polymer. 

Comparing the obtained results for the temperature distribution of ABS polymer at two 

different extrusion speeds (4 mm/s and 6 mm/s), indicated that the extrusion speed slightly 

affects the center-line temperature. For an example, in extrusion process of ABS polymer 

through two nozzle sizes of 0.5 mm and 0.8 mm, increasing the speed from 4 mm/s to 10 

mm/s increases the temperature at x = 0.5 mm by 0.8% and 0.15%, respectively. 

To study the glass transition behavior of polymer during the extrusion process, the extrusion 

process of ABS and PA12 polymers were simulated at the same extrusion temperature 

(215°C) with various extrusion speeds as well as the effect of nozzle size on glass transition 

behavior. It was observed that no glass transition occurs in the distance between the nozzle 

tip and build plate for both polymers. Under respective extrusion conditions, the polymer 

remains liquid at the distance between the build plate and nozzle tip. It was noticed that the 

extrusion speed and temperature will affect the location of the glass transition. For 

instance, the glass transition takes place in the distance between the build plate and nozzle 

if the extrusion speed of ABS polymer is set to lower than 0.65 mm/s and 0.3 mm/s for 

nozzle size of 0.2 mm and 0.4 mm, respectively. At the same conditions, the extrusion speed 

for PA12 polymer should be lower than 1.1 mm/s and 0.56 mm/s, respectively. As illustrated 

in Fig.12, the glass transition of ABS and PA12 polymers using a nozzle with a diameter of 
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0.4 mm occurs at the distance between the nozzle tip and build plate if the extrusion speed 

is set to 0.15 mm/s and 0.26 mm/s, respectively.  

  

(a) (b) 

  

(c) (d) 

Fig.11. Thermal behavior of ABS and PA12 Polymers at the distance between the nozzle tip and build 

plate: (a) ABS polymer (speed 4mm/s), (b) ABS polymer (speed 10 mm/s), (c) PA12 polymer (speed 

4mm/s), (d) PA12 polymer (speed 10mm/s).  

 

In practice, during the 3D printing process, the extrusion speed depends on the printing 

speed. For optimization and better control of the overall quality of the 3D printed model, it 

is crucial to have a thorough understanding of the nozzle effects on temperature 

distribution and glass transition behavior of polymer at a constant speed and flow rate. The 

outlet extrusion speed was kept constant at 4 mm/s, and the inlet extrusion speed for 

different size of nozzle was calculated using a physics law which states that the volume flow 

rate at a nozzle is constant, and it is a function of cross-section and the speed of flow 

(𝑄 = 𝐴𝑖𝑣𝑖 = 𝐴𝑜𝑣𝑜). Using volume flow rate law at a constant outlet speed or polymer, the 

inlet speed of polymer is calculated and listed in Table.2.  
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Next, the influence of nozzle diameter on glass transition and thermal behavior of two types 

of polymers including PA12 and ABS polymers were studied numerically at a constant 

extrusion temperature of 215°C, ambient temperature of 25°C and various inlet speed as 

listed in Table 2. The obtained results are illustrated in Fig. 13. 

For both types of polymers, by keeping the outlet extrusion speed as a constant value, it can 

be seen from Fig. 13 that the diameter of the nozzle significantly affects the temperature 

distribution in the distance between the nozzle tip and build plate. By increasing the 

diameter of the nozzle from 0.2 mm to 0.6 mm, the temperature of the polymer at x = 0.5 

mm is increased by 88.2% and 73.5%, respectively. A large release of energy in the small 

nozzles causes a complete phase change in mentioned distance. A typical example is, for 

nozzle size of 0.3 mm, the glass transition of ABS is occurred near the nozzle tip, and for 

PA12, it is taken place far from the tip of the nozzle, as seen in Fig. 14.   

Table.2. The inlet speed of polymer in extrusion system at a constant outlet speed of 

4mm/s 

Nozzle size (mm) 0.1 0.2 0.3 0.35 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Inlet velocity (mm/s) 0.0131 0.052 0.117 0.16 0.209 0.326 0.47 0.64 0836 1.06 1.31 
 

  

(a) (b) 

Fig.12. The glass transition behavior of polymers using a nozzle with diameter 0.4mm: (a) ABS 

polymer at speed 0.15 mm/s, (b) PA12 polymer at speed 0.26mm/s. 
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(a) (b) 

Fig.13. The effect of nozzle size on non-dimensional temperature of the polymer at the distance 

between the nozzle tip and build plate: (a) ABS polymer, (b) PA12 polymer.  

 

7.3. Air- cooling speed: 

To study the effect of air-cooling speed on the glass transition behavior and temperature 

distribution of extruded ABS and PA12 Polymers, two sets of nozzles including 0.4 mm and 

0.8 mm were selected and the extrusion process of these polymers at different extrusion 

speeds 3 mm/s, 5 mm/s and 7 mm/s were simulated using developed FE. The extrusion 

temperature (215°C) and the ambient temperature (25°C) were kept constant in all 

simulations. The obtained results at different air-cooling speeds for ABS and PA12 are 

illustrated in Figs.15 and 16, respectively.  

  

(a) (b) 

Fig.14. The glass transition behavior of ABS and PA12 polymers using a nozzle with diameter of 

0.3mm at extrusion speed of 0.117 mm/s and air-cooling speed of 15m/s: (a) ABS polymer, (b) PA12 

polymer. 
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Figs. 15 and Fig. 16 show that the effect of air-cooling on the temperature of the extruded 

for ABS and PA12 polymers is lower than other processing parameters due to the short 

distance between the build plate and nozzle tip. For instance, by adding an air-cooling 

process at the speed of 7 m/s to an extrusion process using two sets of the nozzle including 

0.4mm and 0.8mm, the temperature of the extruded polymer at the middle of the distance 

between the nozzle tip and build plate is reduced by 0.5% and 0.05%, respectively. As 

mentioned in Subsection 6.1, cooling processes are mainly occurred on the outer surface of 

the extruded polymer. The temperature variation between the outer surface and the middle 

are 1.2% and 1%, respectively. Comparing graphs (a) and (c) in Fig.15 shows that the effect 

of air-cooling speed on the thermal behavior of the extruded ABS polymer at higher speed is 

lower because, increasing the extrusion speed reduces the heat transfer’s duration in the 

mentioned region. For instance, adding an air-cooling system at speed of 15 m/s to an 

extrusion process of PA12 polymer using two sets of nozzles including 0.8 mm and 0.4 mm 

at the extrusion speed of 3 mm/s, reduces the temperature of the extruded polymer at the 

middle of the distance by 0.15% and 0.85%, respectively. Comparing the obtained results for 

both types of the polymers at different air-cooling rates showed that the effect of the air-

cooling process on the temperature of the semi-crystalline polymer (PA12) is higher than 

the amorphous polymer (ABS) which should be assumed to set the processing parameters.  

The phase change between the solid and liquid states in the extrusion process of ABS 

polymer at two different air-cooling speeds including 1.5 m/s and 7 m/s using a nozzle size 

of 0.1 mm and extrusion speed of 1 mm/s are illustrated in Fig.17. In this study, the 

extrusion processing parameters were chosen as the phase change appears in the distance 

between the nozzle tip and build plate. Comparing the obtained results, showed that the 

air-cooling process affects slightly on the location of phase change in the distance between 

the nozzle tip and build plate. The polymer phase is changed at air-cooling speed of 1.5 m/s 

is appeared at a distance of 0.35 mm from the nozzle tip. By increasing the air-cooling speed 

to 7 m/s, the location of phase change is appeared at the distance of 0.23 mm from the 

nozzle tip (Fig.17), which is closer to nozzle tip. 
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7.4. Prediction of temperature distribution and phase change rate:  

As mentioned in Section 5, Five processing parameters, including the nozzle diameter (0.1 

mm to 1 mm), air cooling rate (0 to 15m/s), type of material (ABS, PA12), inlet temperature 

(180°C to 250°C) and extrusion speed (3 mm/s to 10 mm/s) were set as inputs (Section 5). 

The glass transition rate from rubbery state to solid-state and temperature at different 

points along the distance between the nozzle tip and build plate were set as outputs. The 

inputs and outputs were then used to train the network. Figs. 19a and 19b demonstrate the 

plot of network output vs real data for train data and test data of temperature and phase 

change rate at different places along the distance between the nozzle tip and build plate, 

respectively. As illustrated in the figures, the errors are low, and the output data is 

satisfactorily dispersed. This indicates that the ANN is readily able to predict temperature 

and phase change rates. It can be also observed that the randomness of data was assured.  

The accuracy of the trained ANN model and comparison its result with FE simulation results 

were also investigated using the four new models which have not been used in the earlier 

network training processes. Each model contains different processing parameters, as shown 

in Table 3. It can be seen in Table 3 that there is a close agreement between the predicted 

results using trained ANN and FE results. For instance, for ABS material at an extrusion 

speed of 5 mm/s and air temperature of 245°C, nozzle diameter of 0.9 mm without any air-

cooling process, the square error between the ANN and FE results at x = 0.6 mm is 0.1%. The 

maximum difference between the ANN and FE results is 0.3% for temperature and 0.2% for 

phase change rate. Due to the number of various processing parameters and interaction 

among them, the setting suitable processing parameters to successfully achieve 3D printing 

process is required. 

The processing parameters are manually adjusted by user in most of the slicing software in 

the FDM 3D printing technology. For those users who cannot access to FE for analyzing the 

effect of adjusted parameters on the quality of 3D printed models, the trained ANN can be 

integrated with a software slicing engine. In other words, implemented slicing software can 

predict the thermal behavior of selected polymer based on the user defined parameters to 

suitably define processing parameters.  Such integration can guide FDM 3D printer users in 

smart processing parameters selection and regulation. This procedure can be then 
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alternatively used in order to predict the temperature distribution and phase change rate of 

polymer extrusion process in the 3D printing process. 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Fig.15. Thermal behavior of ABS polymer at the distance between the build plate and nozzle tip at 

different setup: (a) Nozzle size 0.4mm and speed 3mm/s, (b) Nozzle size 0.4mm and speed 5mm/s, 

(c) Nozzle size 0.4mm and speed 7mm/s, (d) Nozzle size 0.8mm and speed 3mm/s, (e) Nozzle size 

0.8mm and speed 5mm/s, (f) Nozzle size 0.8mm and speed 7mm/s 
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(a) (b) 

  

(C) (d) 

  

(e) (f) 

Fig.16. Thermal behavior of PA12 polymer at the distance between the build plate and nozzle tip at 

different setup: (a) Nozzle size 0.4mm and speed 3mm/s, (b) Nozzle size 0.4mm and speed 5mm/s, 

(c) Nozzle size 0.4mm and speed 7mm/s, (d) Nozzle size 0.8mm and speed 3mm/s, (e) Nozzle size 

0.8mm and speed 5mm/s, (f) Nozzle size 0.8mm and speed 7mm/s 
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(a) (b) 

Fig.17. The phase change behavior of ABS polymer at two air-cooling speeds including (a) 1.5m/s, (b) 

7m/s.  

  

(a) (b) 

Fig.18. The two-phase transition between the liquid and solid phases of PA12 polymer extrusion at 

two different air-cooling speeds: (a) 1.5m/s and (b) 7m/s.  

8.  Conclusions 

The present study investigated the influence of the FDM 3D printing processing parameters, 

the inlet and outlet extrusion speeds, nozzle size, and cooling rate, on the thermal and 

phase change behavior of ABS and PA12 polymers. The analysis focused on the distance 

between the nozzle tip and build plate in the FDM extrusion process using the steady state 

FE simulation based on an apparent heat capacity method in COMSOL® Multiphysics 

software. The FE simulation results were compared with, and validated by, a series of the 

experiments. The FE simulation results were also used to train an ANN for further 

prediction. The FE simulation results indicated that the thermal behavior of polymer and the 
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(a) (b) 

Fig.19. Network output vs real output for (a) train data b) test data. 

Table.3. Comparison between the FE simulation results and the predicted ANN results. 
 

 Model 1 Model 2 Model 3 Model 4 

Extrusion speed (mm/s) 4 5 6 10 

Nozzle diameter (mm) 0.4 0.9 0.45 0.65 

Air cooling speed (m/s) 10 0 5 0 

Type of material ABS ABS PA12 PA12 

Inlet temperature (Celsius)  195 245 228 210 

Non-Dimensional Temperature at x=0.3 mm 

ANN: 0.983 0.998 0.993 0.99 

FEA:  0.982 0.996 0.994 0.993 

Square Error (%): 0.0001 0.0004 0.0001 0.0009 

Non-Dimensional Temperature at x=0.6 mm 

ANN: 0.953 0.99 0.985 0.99 

FEA:  0.953 0.991 0.985 0.989 

Square Error (%): 0 0.0001 0 0.0001 

Non-Dimensional Temperature at x=0.9 mm 

ANN: 0.922 0.984 0.974 0.984 

FEA:  0.924 0.986 0.973 0.983 

Square Error (%): 0.0004 0.0004 0.0001 0.0001 

Phase change rate at x=0.4 mm 

ANN: 0.998 1 0.999 0.998 

FEA:  1 1 1 1 

Square Error (%): 0.0004 0 0.0001 0.0004 

Phase change rate at x=0.8 mm 

ANN: 0.983 0.993 0.991 0.995 

FEA:  0.985 0.994 0.993 0.994 

Square Error (%): 0.0004 0.0001 0.0004 0.0001 

 

phase change rate of polymer in the distance between the nozzle tip and build plate 

(standoff region) are influenced by extrusion processing parameters. It was found that the 

nozzle size is one of the most effective processing parameters in the FDM 3D printing 

process. The temperature of extruded polymer in the distance between the nozzle tip and 

build plate was reduced by increasing the nozzle size, which effects the amorphous polymer 
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(ABS) far more than the semi-crystalline polymer (PA12). Furthermore, it was observed that 

the extrusion speed effects the glass transition zone along the distance between the nozzle 

tip and build plate and the center-line temperature. Due to the short distance between the 

build plate and nozzle tip, air cooling rate on the temperature of the extruded polymers is 

lower than that of other processing parameters and its effect on the temperature of the 

semi-crystalline polymer (PA12) is higher than that of the amorphous polymer (ABS). 

The comparison of the numerical and experimental results showed good agreement which 

demonstrates that FE simulation can be employed to train an ANN. In addition, the trained 

ANN can be adopted to further predict the phase change rate and thermal distribution of 

polymers at the distance between the nozzle tip and build plate. Both FE simulation and 

ANN methods are reliable and robust methods and can be used to optimize the processing 

parameters in the FDM 3D printing. This study also demonstrated that a trained ANN can be 

used as an alternative to FE.  
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