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Abstract. This work focused on optimizing the simulation time for heat transfer 

during the Fused Deposition Modeling process, which is necessary for a recent tensile 

property optimization study mentioned in the literature. The approach for optimizing 

the simulation time involved conducting a comparative analysis of various mesh sizes 

and simulation step times, assessing their influence on the resulting temperature pro-

files. The heat transfer simulation of the printed material was done with COMSOL 

Multiphysics FEA and the normal and extremely fine meshes as well as the simulation 

step times of 𝛥𝑡 =0.01 s and 0.05 s were considered. The results showed that all the 

combinations resulting from these simulation parameters were equivalent in terms of 

both temperature profile results and the results of the tensile property optimization 

study, but that the simulation time was minimized by using the normal mesh with Δt = 

0.05 s with a simulation time ten times shorter than in the case of the extremely fine 

mesh with 𝛥𝑡 = 0.01 s. 
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1 Introduction 

Manufacturing a part can be done subtractively, formatively or additively. Additive 

manufacturing, more commonly known as 3D printing in a non-technical context, is the 

most recent of these methods and is increasingly used in major industries. Fused Dep-

osition Modeling (FDM) is the most widely used additive manufacturing process for 

rapid prototyping. It involves passing solid polymer material through a heated cavity 

where the material is melted and extruded through a nozzle. The extruded material is 

then deposited on the printing plate according to the desired geometry to build the final 

3D part layer by layer [1]. This operating principle means that the part produced by 3D 

printing is composed of several layers that are made up of partially bonded strands (Fig. 

1). This partial bonding between the strands makes the mechanical properties of the 3D 

parts depend on the mechanical properties of the printed material, the void between the 

strands and the strand-to-strand bond strength [2]. 
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Fig. 1. Bond formation process through sintering: (1) Surface contact; (2) Bond formation and 

molecular diffusion at the interface; (3) Bond and molecular diffusion growth. 

This makes the mechanical properties of parts made by 3D printing inferior to those of 

conventional processes such as injection and thermoforming process for plastic parts 

[3]. However, many authors have shown that the printing parameters used affect the 

mechanical properties of the printed parts [4]. However, due to the interdependence of 

these parameters, it is difficult to precisely identify their influence on the mechanical 

properties, and thus to choose the optimal printing parameters. To overcome this prob-

lem, Benié et al. [5] have proposed a study to identify the printing parameters allowing 

to maximize the mechanical properties of the printed parts without having to carry out 

costly and time-consuming experiments. 

The aim of this work was to define an optimization parameter linked to the printing 

parameters, the value of which would be an indicator of the mechanical performance 

of the printed part. To achieve this, the main physical phenomena involved in printing, 

namely diffusion, coalescence and crystallization, were studied. Contrary to the exist-

ing literature, where these phenomena were studied independently of one another (e.g. 

study of diffusion by [6], study of coalescence by [2], study of crystallization by [7]), 

the study proposed by Benié et al. consisted in coupling all these phenomena in order 

to derive a numerical value named DCC (Diffusion, Coalescence and Crystallization), 

whose maximization would lead to the best tensile properties. At the end of the study, 

it has been shown that the DCC values were excellent indicators of the mechanical 

performance of printed parts. However, a problem arises when determining this DCC 

parameter. 

Indeed, the physical phenomena under consideration are temperature-dependent. 

Thus, to study them, as Fig. 2 shows, it is essential to know the temperature profile 

during 3D printing. Since the temperature profile was determined by numerical simu-

lation, to identify the optimum DCC values, it is necessary to simulate the heat transfer 

for all the combinations studied. In [5] for example, sixteen-parameter combinations 

were studied with simulation times between 2 and 8 hours per combination, which is 

considerably high and makes the DCC study lose its time saving dimension. 

In this paper, different mesh sizes and different simulation step times were studied 

in order to optimize the simulation time and to make the DCC study more interesting. 
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Although the approach proposed for this paper was basic, it achieved the desired ob-

jectives. 

 

 
 

Fig. 2. Procedure for calculating the DCC parameter. 

2 Modeling and numerical simulation 

2.1 Modeling 

In this paper, the model used was the same as that used by Benié et al. [5]. It is a 2D 

model based on the successive activation of the strands for each layer of printing part. 

Indeed, starting from a 2D geometry of the part to be printed, the strands of the part are 

activated one after the other in order to allow the heat exchange between the adjacent 

strands. To do this, the time required to go from one strand to another is determined 

before the numerical simulation. 

During 3D printing, many authors have shown that the deposition of new strands 

tends to change the temperature in the previously printed strands. However, for the 

printing of intra-layer strands, this temperature modification can be neglected contrary 

to the case of inter-layer strands where the influence of the deposition of new strands is 

more pronounced. Indeed, the contact surface between the interlayer strands is very 

large compared to that of the intralayer strands. This leads to a higher heat exchange 

for the interlayer strands than for the intralayer strands. The work of Sun et al. [10] 

illustrates this well, since the temperature profile obtained experimentally when print-

ing a 38 x 38mm x 30-layer part shows that the printing of interlayer strands leads to 

temperature peaks, whereas the printing of intralayer strands shows no peaks and was 
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not easily identifiable on the temperature profile. From this point of view, only two 

intralayer cords and all layers have been considered in the model as shown in Fig. 3a. 

 
Fig. 3. (a) Initial and boundary conditions of the heat transfer during printing; (b) normal mesh 

(M1) and (c) extremely fine mesh (M2). 

Partial differential heat equation: the heat conduction equation in the polymer do-

main was described by the partial differential equation of the transient conduction Eq. 

1 where 𝜌 is the density, 𝐶𝑝 the specific heat and 𝑘 the thermal conductivity (the heat 

source term for the crystallization is supposed negligible). 

 𝜌𝐶𝑝(�̇�) = ∇⃗⃗ . (𝑘∇⃗⃗ 𝑇) (1) 

The boundary and initial conditions (Fig. 33a): 

- The exposure of the external surface of the polymer to the air leads to its cool-

ing by convection (the radiative effects are neglected) which is described by 

Eq. 2 as: 

 −𝑘∇⃗⃗ 𝑇. �⃗� = ℎ(𝑇 − 𝑇𝑐ℎ𝑎𝑚𝑏𝑒𝑟) (2) 

 

where �⃗�  is the outward normal vector of domain and ℎ the convection heat 

transfer coefficient and 𝑇𝑐ℎ𝑎𝑚𝑏𝑒𝑟  is the temperature inside the chamber. 

- The heat conduction between each domain in contact (strand-strand and build 

platform-stand) was given by Eq. 3 using the thermal contact resistances 

(𝑇𝐶𝑅): 



5 

 {
−𝑘𝑠𝑡𝑟𝑎𝑛𝑑 ∇⃗⃗ 𝑇. �⃗� 𝑠𝑡𝑟𝑎𝑛𝑑 =

1

𝑇𝐶𝑅𝑠𝑡𝑟𝑎𝑛𝑑
(𝑇+ − 𝑇−) 𝑆𝑡𝑟𝑎𝑛𝑑 − 𝑆𝑡𝑟𝑎𝑛𝑑

−𝑘𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚 ∇⃗⃗ 𝑇. �⃗� 𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚 =
1

𝑇𝐶𝑅𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚
(𝑇+ − 𝑇−) 𝑃𝑙𝑎𝑡𝑓𝑜𝑟𝑚 − 𝑆𝑡𝑟𝑎𝑛𝑑

  (3) 

where 𝑇+ and 𝑇− are the temperatures on both sides of the interface. Low 

values of 𝑇𝐶𝑅 were considered and 𝑇𝐶𝑅𝑠𝑡𝑟𝑎𝑛𝑑 = 𝑇𝐶𝑅𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚 since their in-

fluences were negligible on the simulation results 

- At initial time, the temperature in each domain was supposed to be known and 

uniform as (Eq. 4): 

 {
𝑇(𝑡 = 0) = 𝑇𝑒𝑥𝑡𝑟𝑢𝑠𝑖𝑜𝑛 𝑂𝑛 𝑡ℎ𝑒 𝑛𝑒𝑤 𝑠𝑡𝑟𝑎𝑛𝑑

𝑇(𝑡 = 0) = 𝑇𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚 𝑂𝑛 𝑡ℎ𝑒 𝑏𝑢𝑖𝑙𝑑 𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚
  (4) 

Furthermore, it was assumed that the heat transfer was performed exclusively by ther-

mal contact and convection, that the crystallization had no influence on the heat transfer 

and that the thermal properties of PLA were fixed during the heat transfer (Table 1). 

 
Table 1. Thermal properties of material. 

Material 𝜌  
(kg/m3) 

𝐶𝑝  

(J/kg.K) 

𝑘  
(W/m.K) 

ℎ 

(W/m2.K) 

𝑇𝐶𝑅  
(m2.K/W) 

Strands: PLA 

 

Plate: PEI 

1250 [11] 

 

1270 [14] 

1179 [11] 

 

2000 [15] 

0.28 [11] 

 

0.2 [15] 

5 [12] 

 

5 [12] 

10-5 [13] 

 

10-5 [13] 

 

2.2 Numerical simulation of 3D printing 

To develop the finite element equations, the partial differential equations Eq. 1 must be 

restated in an integral form called the weak form. A weak form of the differential equa-

tions is equivalent to the governing equation and boundary conditions, i.e. the strong 

form. To solve the partial differential by the finite element method, we used the 

weighted residue method in the Galerkin formulation in which, we multiplied by an 

arbitrary temperature 𝑇∗ and integrate over the polymer domain S as Eq. 5: 

 𝑊(𝑇, 𝑇∗) = ∬ 𝑇∗ (𝜌𝐶𝑝(�̇�) − ∇⃗⃗ . (𝑘∇⃗⃗ 𝑇)) 𝑑𝑆
𝑆

       ∀ 𝑇∗  (5) 

The 2D numerical simulations were performed with COMSOL Multiphysics 6.0 using 

a time dependent study of the heat transfer in solids interface. The boundary conditions 

were implemented from the COMSOL integrated nodes of convection and thermal con-

tact and the resolution method used was the implicit Backward Differentiation Formula 

(BDF) method. 

The implicit method is to write the time derivative of the temperature as Eq. 6 where 

Δ𝑡 is the step time. Starting from the initial condition T(t=0), the nodal temperature is 

estimated at each instant by increments successive time ∆t. This problem could be 

solved with direct integration methods over time (Euler method explicit or implicit, 

semi-explicit methods, the Crank–Nicholson method, etc.). 
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 �̇� =
𝑇𝑡+Δ𝑡−𝑇𝑡

Δ𝑡
   (6) 

Two predefined meshes in COMSOL were studied: the normal mesh M1 (212 triangu-

lar linear finite elements for each strand and the global model has 6925 dof) and the 

extremely fine mesh M2 (556 triangular linear finite elements for each strand and the 

global model had 41155 dof) as shown in Fig. 33b-c. Also, two different simulation 

step times were studied: Δ𝑡 = 0.01 s and Δ𝑡 = 0.05 s. 

For each of these cases, four combinations of printing parameters were considered. 

They are presented in Table 2. At the end of simulations, the temperatures at the inter-

face of the strands were used from probes positioned at each thermal contact and meas-

uring the average temperature of the interface to calculate the DCC parameter. Thus, 

the DCC values obtained were used to identify any correlation between the different 

simulation parameters. The simulations were performed on an Intel(R) Core(TM) i5-

4590 CPU. 

 
Table 2. Specimen nomenclature and printing parameters used for the study. 

 

Specimen 

Raster  

orientation (°) 

(see Fig. ) 

Extrusion 

Temperature  

(°C) 

Printing 

speed 

(mm/s) 

Layer 

height 

(mm) 

Platform 

temperature 

(°C) 

AL 

BL 

AT 

BT 

0 

0 

90 

90 

200 

200 

200 

200 

50 

50 

50 

50 

0.4 

0.6 

0.4 

0.6 

40 

40 

40 

40 

 

 
Fig. 4. Orientation of the strands in the specimens according to the raster orientation. 

3 Results and discussions 

To be able to validate the heat transfer simulation, a numerical simulation is conducted 

for a multi-layer wall manufactured by the FDM process. Note that the simulation is 

applied on ABS as material to be able to match the condition of existing experimental 

results in the literature. Fig. 5 represents the comparison of the results of numerical 

simulation and the results of an experimental study derived from the literature [13]. The 

agreement between the simulation and experimental results validates the heat transfer 

modeling approach conducted in this work. 
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Fig. 5. Validation of the heat transfer model with experimental results derived from literature on 

a multi-layer wall geometry [13]. 

First of all, no convergence problems were encountered during the simulations. The 

results of the numerical simulation of the heat transfer presented in paragraph 2.b are 

shown in Table 3 for the specimen BT and showed that in a given strand the temperature 

was not uniform and that no heat transfer took place with non-activated strands until 

their activation. 

 
Table 3. Iso-values of temperature during the printing of BT specimen with M1 mesh and 𝛥𝑡 

= 0.05 s. 

t = 0.2 s 

Layer 1/strand 1 printing 

t = 0.25 s 

Layer 1/strand 2 printing 

t = 186 s 

Layer 5/strand 2 printing 

   

t = 279 s 

Layer 7/strand 2 printing 

t = 280 s 

Temperature during cooling 

t = 325 s 

Final temperature 
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The temperature iso-values are given in Table 4 for the BT combination and show that 

regardless of the simulation parameters used, the final temperatures are almost identi-

cal. As well, to be more precise, the final values of the interfacial temperatures between 

the first two strands were collected for all combinations of printing parameters in order 

to identify the impact of the simulation parameters on the temperature. The results are 

presented in Table 5 and show that only the mesh size has an impact on the temperature 

although it is minimal. Indeed, for the same mesh size, the final interfacial temperature 

hardly varied when using a simulation step time ∆𝑡 of 0.01 s or 0.05 s. On the other 

hand, for a fixed simulation step time, moving from one mesh size to another led to a 

slight variation of the temperature of the order of 0.1°C maximum. This is negligible. 

Therefore, the interfacial temperature was only slightly affected by the simulation pa-

rameters used. 
Table 4. Iso-value of temperature at the end of the simulation for BT specimen. 

 Δ𝑡 = 0.01 s Δ𝑡 = 0.05 s 

 

 

 

 

 

M1 

mesh 

  



9 

 

 

 

 

 

M2 

mesh 

  

 

Table 5. Final interfacial temperatures for different simulation parameters. 

 M1 mesh M2 mesh 

Specimen ∆𝑡 = 0.01 s ∆𝑡 = 0.05 s ∆𝑡 = 0.01 s ∆𝑡 = 0.05 s 

AL 

BL 

AT 

BT 

43.26°C 

47.88°C 

42.41°C 

46.55°C 

43.26°C 

47.88°C 

42.41°C 

46.55°C 

43.3°C 

47.98°C 

42.45°C 

46.64°C 

43.3°C 

47.99°C 

42.45°C 

46.64°C 

For the different mesh sizes and simulation step times studied, the DCC parameter was 

determined for four combinations of printing parameters. The resulting DCC values 

were used to compare the simulation methods. 

The results presented in Table 6 show that there was an excellent correlation between 

the DCC values obtained for different mesh sizes. Thus, using the extremely fine mesh 

or the normal mesh led to the same conclusions regarding the mechanical performance 

of the printed parts. Indeed, in both cases, the AL combination was the best (highest 

DCC value) and the BT combination was the worst (lowest DCC value). 

Moreover, the correlation between the DCC values obtained in all cases was at least 

0.9998 with respect to the most accurate case (extremely fine mesh and ∆𝑡 = 0.01 s). 

This showed that all the simulation parameters studied here could be used for the DCC 

study and the interpretations of the final DCC results would be the same. In this sense, 

it is preferable to use simulation parameters that minimize the simulation time. 

The lowest simulation time was obtained with the normal mesh and ∆𝑡 = 0.05 s 

where the simulation lasted 26 min and 12 s for AL combination against 5 h 4 min and 

5 s in the case of the longest simulation time with extremely fine mesh and ∆𝑡 = 0.01 

s. This means that the simulation time was divided by 11 between these two cases. The 

same was true for all combinations of printing parameters where there was a factor of 

at least 10 between the simulation times of these two cases without impacting the inter-

pretation of the DCC values. 
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Table 6. Simulation times and DCC results obtained for different simulation parameters. 

 M1 mesh M2 mesh 

 ∆𝑡 = 0.01 s ∆𝑡 = 0.05 s ∆𝑡 = 0.01 s ∆𝑡 = 0.05 s 

Specimen Simulation time 

AL 

BL 

AT 

BT 

2h42min26s 

1h06min56s 

3h25min55s 

1h29min48s 

26min12s 

13min08s 

26min48s 

15min16s 

5h04min05s 

2h16min40s 

5h15min18s 

2h38min24s 

1h46min03s 

25min36s 

52min51s 

27min07s 

 DCC values 

AL 

BL 

AT 

BT 

0.9472 

0.9301 

0.9168 

0.9071 

0.9486 

0.9318 

0.9179 

0.9083 

0.9478 

0.9310 

0.9170 

0.9074 

0.9490 

0.9324 

0.9181 

0.9085 

 r2 

 0.9998 0.9999 1 0.9999 

Tensile tests were carried out to determine the Young's moduli, maximum stresses and 

fracture strains of the different printing parameter combinations considered in this 

work. These tensile properties were then used to study their correlation with the DCC 

values. Thus, considering Table 7 presenting the values of the tensile properties for the 

four combinations of printing parameters and the correlation between these properties 

and the DCC values obtained for different simulation parameters, it appears that the 

correlations remained almost equivalent whatever the simulation parameters used for 

each tensile property. This means that for all simulation parameters the DCC values 

remained excellent indicators of mechanical performance. 

Therefore, among the simulation parameters studied in this work, the normal mesh 

with ∆𝑡 = 0.05 s is the best combination to optimize the simulation time in order to 

guarantee the time saving dimension of the DCC parameter besides being a good indi-

cator of mechanical performances. 

 
Table 7. Tensile properties of specimens and correlation between these properties and the 

DCC values obtained from different simulation parameters. 

 Specimen Young’s modulus  

(GPa) 

Tensile strength 

(MPa) 

Fracture 

strain (%) 

 AL 

BL 

AT 

BT 

3.19 ± 0.10 

3.11 ± 0.08 

3.01± 0.03 

2.94 ± 0.11 

45.1 ± 1.8 

31.5 ± 3.4 

25.5 ± 0.9 

22.8 ± 0.3 

1.57 ± 0.05 

1.03 ± 0.13 

0.92 ± 0.05 

0.83 ± 0.04 

  r2 with DCC values 

M1 

mesh 

∆𝑡 = 0.01 s 

∆𝑡 = 0.05 s 

0.9958 

0.9931 

0.9583 

0.9552 

0.9001 

0.8943 

M2 

mesh 
∆𝑡 = 0.01 s 

∆𝑡 = 0.05 s 

0.9933 

0.9941 

0.9549 

0.9526 

0.8937 

0.8898 
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4 Conclusion 

In this work, a study on the optimization of the simulation time of heat transfer during 

3D printing has been carried out in order to guarantee the time saving in the identifica-

tion of the printing parameters maximizing the mechanical properties of the printed 

parts through the DCC study introduced in [5]. 

To perform this study, a 2D model based on stepwise strand activation was used and 

the numerical simulation was performed under COMSOL Multiphysics 6.0 as in [5]. 

The optimization study was subsequently performed by varying the mesh size and sim-

ulation step time between two levels each: the mesh size between the normal and the 

extremely fine mesh integrated in COMSOL and the step time ∆𝑡 between 0.01 s and 

0.05 s. For each of these simulation parameters, the temperature profiles from the nu-

merical simulations for four combinations of printing parameters were used to deter-

mine the DCC values. From these DCC values obtained for all simulation parameters, 

correlation studies were performed to identify the influence of the simulation parame-

ters on the DCC study. 

During the simulations, no convergence problems were encountered and the results 

showed that for each combination of printing parameters studied, the final temperature 

values varied very little from one combination of simulation parameters to another. 

Also, it was shown that not only was there a very good correlation between the DCC 

values obtained from all the simulation parameter combinations with a coefficient of 

determination r2 of at least 0.9998, but also that in all the simulation cases, the DCC 

parameter remained a good indicator of the mechanical performance of the printed 

parts. Therefore, any combination of simulation parameters studied could be used to 

perform the DCC study. 

The major differentiation between the different simulation cases being the simula-

tion time and in order to minimize it, in this work, the use of the normal mesh with 

∆𝑡 = 0.05 s was the best combination since the simulation time of this combination was 

the smallest and was at least ten times shorter than the longest simulation time for the 

combination using the extremely fine mesh with ∆𝑡 = 0.01 s. 

Thus, although the approach proposed in this article was basic, it was possible to 

give the DCC parameter its full value, which is to quickly determine the printing pa-

rameters that maximize the mechanical properties of the printed parts without perform-

ing material-intensive experiments. 
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