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Abstract 

 

 The temperature evolution in the material extrusion (MEX) process significantly affects the 

stability and bonding of 3D printed parts. Numerous studies have focused on developing models 

to capture the temperature history of the MEX process. However, there remains a need to explore 

the influence of different boundary conditions applied to the print bed. Additionally, the size of the 

bed relative to the 3D printed object has not been extensively investigated. This study aims to 

analyze the thermal behavior of the first layer in MEX by considering various boundary conditions 

and bed sizes. The obtained results will contribute to the development of faster yet reliable models 

for simulating the temperature variation in the MEX process. 

 

Keywords: Additive Manufacturing, Material Extrusion, Thermal simulation, Print bed, Thermal 

history 

 

 

Introduction 

 

Material Extrusion (MEX) manufacturing is a heat-driven process where the bonding of the 

additively formed layers is achieved by the thermal energy supplied inside the extruder. However, 

the rapidly changing thermal gradients during the process can affect the microstructure of the 3d 

printed parts thereby, the macrostructure of the ready product [1–5]. Therefore, it is crucial to have 

information about the thermal evolution as a function of time to predict the bonding quality and 

mechanical properties of the final printed product as well as the strength of the parts [6–8]. 

Understanding the thermal history is essential for preventing formation of defects, improving 

surface quality, and enhancing mechanical properties. According to Das et al., in the years between 

2015 and 2020, 28 different models have been developed for the thermal evolution of the Material 

Extrusion (MEX) process [9]. These models investigated various process and 3D printing 

parameters. Costa et al. studied the influence of the different heat transfer mechanisms between 

filaments, filament and environment, filament and bed. The researchers found that convection with 

ambient air, heat transfer between neighboring filaments and print bed (also called, build plate) 

have the highest impact [10]. Cattenone et al. investigated the different element and time step sizes 

for the thermal simulation. According to the analysis results, time step size influences the local 

temperature distribution, particularly, observed activation temperature. Furthermore, for descent 

models, larger element sizes compared to filament dimensions can be used without significant loss 

of accuracy [11].  
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Prajapati et al. conducted experiments to measure the temperature drop in standoff region 

between nozzle tip and print bed. Their findings indicated that the temperature in this region does 

not change significantly in the region, except under extreme cases [12]. Trofimov et al. studied the 

distortion created by the temperature history of a printed PLA bridge structure. The research team 

also showed the extensive Infrared (IR) camera imaging of the temperature variations in the cubic 

sample for validation [13]. Compton et al. used a 1D heat transfer model to predict the temperature 

variation for the thin wall structure model made of short carbon fiber 20% wt. ABS material. They 

calculated the Biot number to decrease dimensionality of the problem and as a result, approximated 

each layer as an isothermal solid volume. The authors used a 1-D finite difference method to 

evaluate the temperature evolution of the printed part and then compared the results with the 

thermal camera. The team concluded that for the successful print of the large objects the chamber 

temperature has the most significant effect, therefore its value must be increased. They also found 

that a higher thermal conductivity has a negative influence on the geometric stability of the printed 

parts [14].  

 

Friedrich II et al. investigated the temperature evolution of pyramid structure printed from 

Acrylonitrile Butadiene Styrene (ABS) material and compared the simulation results with Infrared 

(IR) camera observations. The model and experiment agree with 5 % error. According to the 

research results, exponential heat loss occurs and that as the layer print time decreases, the average 

temperature increases [15, 16]. Another study focused on the two main aspects of the MEX: 

determining the correct value of the heat transfer coefficient and studying the influence of the 

numerical simulations on gyroid and rectilinear infill structures using Polylactic Acid (PLA) 

material. By varying the ambient temperature around the build and the heat transfer coefficient, the 

researchers found the correct value that matched simulation and experimental results. They also 

discovered that excluding the air voids in the simulation did not significantly significant influence 

the nodal temperature results [17]. Multi-scale modeling approaches have also been used to predict 

the material properties of composite parts manufactured by MEX [18]. 

 

Despite the mentioned simulations conducted for MEX, there is no consensus on the applied 

boundary conditions for the bed. Different approaches have been followed in this case such as 

inclusion of the great portion of the print bed with different material properties with perfect contact 

[13], assuming contact resistance between first elements and bed [10], applying the bed 

temperature directly to the attached nodes [11] etc. Thus, the aim of the paper is to investigate the 

comparative influence of the boundary conditions in bed using different parameters such as 

changing bed size and to examine the effects of the similar boundary conditions on the bed. The 

results of this paper will provide insights into the thermal processes occurring in the first layer and 

highlight the challenges in the simulation process. 

 

 

Material and methods 

 

PLA is used for the study with material properties given in [19]. Process parameters are 

given in Table 1. The nozzle activation temperature was selected to be 150°C due to the 

availability of the experimental values published in [13].  
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Table 1 Basic parameters used for validation study 

Nozzle diameter and velocity 0.4 mm and 30 mm/sec 

Extrusion temperature 150 °C 

Bed temperature 52 °C 

Infill density 100 % 

Convective heat transfer coefficient for the 

printed part 
71 

𝑊

𝑚2℃ 
 

Convective heat transfer coefficient for the 

bed 
5 

𝑊

𝑚2℃ 
 

Ambient temperature 60°C 

Number of layers 1 

 

Selected body for simulation is as shown in Figure 1. The dimensions of the 3D printed 

object have 1 layer height in y direction (0.2 mm) and 60 mm in x direction and 10 mm in z 

direction. MEX process happens in xz plane and nozzle moves in x direction with a zigzag pattern 

provided by the g-code. Part is sliced with PrusaSlicer.  

 

 

 
Figure 1. Geometric description of the simulated bodies 

For the simulation strategy, parameter variation is selected as shown in Table 2. In the first 

4 cases (S1, S2, S3 and S4), print bed dimensions have been varied. For those mentioned 

simulations, bottom nodes that are attached to the bed as also shown in Figure 2 are allowed to 

have conduction with the bed and hence, they share the nodes. In the meantime, the exteriors of 

the bed have convective heat transfer and the bottom part of the bed is at specified bed temperature. 

While in case S5, S6 and S7, the bed is not simulated but the conditions of the bed are imposed on 
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the attached nodes. Particularly, in case S5, the attached nodes are at 52°C, in S6 and S7, those 

nodes have contact resistance with 2 extreme values. 

 

 
Table 2. Design of Parameters for the simulation 

Simulation 

strategy 
Bed size Boundary condition on attached nodes 

S1 100 mm x 100 mm x 18 mm i) 𝑇𝑏𝑜𝑡𝑡𝑜𝑚 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑒𝑑 𝑏𝑒𝑑 = 𝑇𝑏𝑒𝑑 

ii) convection from bed exterior 

iii) conduction with bed and deposited 

filament nodes 
𝑘𝑏𝑒𝑑𝜕𝑇

𝜕�̂�
+ �̇�𝑐𝑣

𝑏𝑒𝑑 𝑒𝑥𝑡 = 0, [13] 

S2 100 mm x 100 mm x 3 mm 

S3 60 mm x 60 mm x 3 mm 

S4 60 mm x 10 mm x 0.2 mm  

S5 - Attached filament nodes are at bed 

temperature, 𝑇Ω(𝑡) = 𝑇𝑏 on Ω(𝑡), [11] 

S6 - Contact conductance with the print bed, 

ℎ𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 30
𝑊

𝑚2𝐾
 [10], 

 
𝑘𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡𝜕𝑇

𝜕�̂�
+ �̇�𝑐𝑣

𝑏𝑒𝑑−𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡
+

�̇�𝑐𝑣
𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡−𝑎𝑚𝑏𝑖𝑒𝑛𝑡

= 0  

S7 - Contact conductance with the print bed, 

ℎ𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 1500
𝑊

𝑚2𝐾
, 

𝑘𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡𝜕𝑇

𝜕�̂�
+

�̇�𝑐𝑣
𝑏𝑒𝑑−𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡

+ �̇�𝑐𝑣
𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡−𝑎𝑚𝑏𝑖𝑒𝑛𝑡

= 0 

 

The MEX process is simulated using the “birth and death function” of Ansys Parametric 

Design Language (APDL) where each deposited element is progressively activated. The simulation 

strategy for temperature in 3D printing is a transient thermal analysis hence performed using a 

moving local coordinate system and applies to real-time deposition process. The simulation begins 

with the activation of the first element at the nozzle temperature. The boundary conditions are then 

applied to the element, and the simulation is run for a given time step size. After the time step has 

elapsed, the next neighboring element is activated. Before activation, the boundary conditions in 

the nodes that are shared between the activated element and to be activated one are removed. The 

newly activated element then has the respective boundary conditions applied to it. This process is 

repeated until all the elements in the model have been activated. Essentially, the simulation strategy 

combines moving heat source and material addition (deposition) process. The use of a moving local 

coordinate system in the simulation allows for the accurate modeling of the heat transfer that occurs 

during the 3D printing process. The moving coordinate system follows the nozzle as it travels 

across the build platform, which ensures that the boundary conditions are applied correctly to each 

element in the model. Temperature field for transient thermal problem can be stated as follows: 
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𝜌𝑐𝑝𝜕𝑇

𝜕𝑡
= ∇(𝑘∇𝑇) + �̇�𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

( 1 ) 

where T is the temperature, t is the time, 𝑐𝑝 specific heat value in 
𝐽

𝑘𝑔𝐾
, 𝜌 density in 

𝑘𝑔

𝑚3, k is the 

thermal conductivity (generally for printed materials it is not isotropic),  �̇�𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 represents the 

rate of external volumetric heat source in 
𝐽

𝑚3. Boundary condition of the body is function of time 

and external surfaces are always in convection and radiation heat transport with the surroundings. 

The temperature of the environment is assumed to be constant and not affected by the bed 

temperature.  

 

 
 

Figure 2. Boundary conditions for the simulated part 

 

The first layer elements are in contact with the build plate and assumed to have different boundary 

conditions as specified above. Knowing the temperature of bed as 𝑇𝑏, then 

𝑇Ω(𝑡) = 𝑇𝑏  on Ω(𝑡) ( 2 ) 

Then there may be different boundary equations as stated in Table 2. For S1 to S4, the governing 

boundary terms are  
𝑘𝑏𝑒𝑑𝜕𝑇

𝜕�̂�
+ �̇�𝑐𝑣

𝑏𝑒𝑑 𝑒𝑥𝑡 = 0 
( 3 ) 

where  �̇�𝑐𝑣
𝑏𝑒𝑑 𝑒𝑥𝑡 is the convective heat transfer between bed and ambient air, ℎ𝑏𝑒𝑑(𝑇 − 𝑇𝑏𝑒𝑑).  

If the attached nodes to the bed are assumed to be at bed temperature, then equation 2 can 

be used. 

For cases S6 and S7, using thermal contact conductance ℎ𝑏𝑒𝑑 with units of 
𝑊

𝑚2℃
, the heat 

transfer boundary condition between the bed and filament can be written as 
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𝑘𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡𝜕𝑇

𝜕�̂�
+ �̇�𝑐𝑣

𝑏𝑒𝑑−𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡
= 0 

( 4 ) 

where  

�̇�𝑐𝑣
𝑏𝑒𝑑−𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡

= ℎ𝑏𝑒𝑑(𝑇 − 𝑇𝑏𝑒𝑑) 
( 5 ) 

 

For contact elements, TARGE170 was used for the print bed and CONTA174 used for the 3D 

printed part. The boundary condition for the other elements is the balance between convection 

heat transfer with environment and conduction heat transfer between the filaments, so 
𝑘𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡𝜕𝑇

𝜕�̂�
+ �̇�𝑐𝑣

𝑎𝑚𝑏 = 0 and �̇�𝑐𝑣
𝑎𝑚𝑏 = ℎ𝑎𝑚𝑏(𝑇 − 𝑇∞) 

( 6 ) 

 To determine the convective heat transfer coefficient for the filaments, Hilpert’s data can 

be used for cylindrical shapes and given in Table 3 [20]  

ℎ𝑐𝑣 =
𝑁𝑢𝐷𝑘𝑎𝑖𝑟

𝐷𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡
 ( 7 ) 

where 𝑘𝑎𝑖𝑟 is the thermal conductivity of air, 𝑁𝑢𝐷is the Nusselt number based of diameter which 

is found by correlation formulas in Table 3. Then 

𝑁𝑢𝐷 = 𝐶𝑅𝑒𝑚𝑃𝑟
1
3 

( 8 ) 

Table 3 Empirical correlations for convective flow over cylinder [20] 

Range of Reynolds number C (-) M (-) 

0.4-4 0.989 0.330 

4-40 0.911 0.385 

40-4000 0.683 0.466 

4000-40000 0.193 0.618 

40000-400000 0.027 0.805 

 

 

Results and discussion 

 

In order to analyze the simulation results, two specific points were chosen, located at 

coordinates x=0.4 mm, z=0.4 mm, y=0 mm (on the print bed) and x=0.4 mm, z=0.4 mm, y=0.2 

mm (top surface of the first element) and shown in Figure 3. The observed peaks in the temperature 

graphs are characteristic of the MEX process, resulting from the addition of new neighboring 

elements. In scenarios S6 and S7, the activated temperature of 150°C is applied to the attached 

nodes, and they are exposed to thermal resistance by bonded contact. The contact conductance 

value used in S6 is reported in [10].  

 

As given in Figure 3, for simulation strategies of S1 to S4, the observed variations in peak 

temperatures are approximately 4°C. These scenarios represent different bed sizes, with S1 

corresponding to the thickest bed size with largest dimensions, which provides the most extreme 

influence on the temperature profile representation. As the bed size decreases in S2, S3, and S4, 

the accuracy of the temperature predictions is reduced due to the smaller thermal mass and faster 

cooldown rates of the bed. Particularly, the first peak observed in S4 is larger than the others due 

to the reduced bed thickness and direct contact with the element. However, the second peak in S4 

is the smallest among all scenarios (S1 to S4) and the primary reason for this is that during the 

second peak, heat transfer is conducted to the first element. Furthermore, since the cooling rate of 
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the newly activated element is very fast, the amount of time available for thermal energy transfer 

from this new element to the current one is minimal, resulting in a sharp but small temperature 

peak.  

The heating of the bed in conduction case (𝑆1 to 𝑆4) is different than the contact resistance 

cases of 𝑆6 to 𝑆7. In the conduction case, the nodes are shared between the bed and the element. 

When the new element is activated, the bottom nodes of that element are at bed temperature. Then 

those nodes are heated due to the conduction of the heat inside the element towards to those shared 

nodes. In comparison, when considering thermal resistance, the heat transfer is primarily driven by 

the newly introduced element, which heats the print bed that has different material and element 

identity in APDL, thus maintaining distinct thermal identities for the element and the bed. The 

resemblance can be explained as in the equation below.  

�̇�𝑐𝑑 = 𝑘𝐴
∆𝑇

∆𝑥
= (

𝑘

∆𝑥
) 𝐴 ∆𝑇 = ℎ𝑐𝑑  𝐴 ∆𝑇 (9) 

 Using the element height of 0.2 mm and considering that the first node (distinct from the 

bed's temperature) is positioned at the center of the element (0.1 mm), the thermal transmittance or 

conductance value of ℎ𝑐𝑑 within the component is calculated as approximately 
0.15

0.1×10−3 ~1500 
𝑊

𝑚2𝐾
 

where 0.15
𝑊

𝑚𝐾
 is the typical polymer thermal conductivity. This value has the same order of 

magnitude to the thermal conductance used for bonded contact in 𝑆7. Consequently, the self-

heating of the shared node by the element itself exhibits a comparable order of magnitude to when 

the component heats the bed with a contact resistance of 1500 
𝑊

𝑚2𝐾
. It's worth noting that variations 

in the thermal conductivity of the printed body would yield different values for the contact 

resistance and thermal conduction, thereby influencing the overall heat transfer characteristics as 

in 𝑆6.  
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Figure 3. Variation of the temperature for the node at x=0.4 mm, z=0.4 mm, y=0 (on the bed) 

 

The influence of higher thermal inertia is also evident in the contour plots shown in Figure 

4 for two extreme cases of bed dimensions. In the case of the full bed size in S1, the temperature 

profile due to the birth of a new element significantly affects even the regions outside the 3D printed 

object. Conversely, in the case of a smaller bed size, the activation of the elements does not impact 

other regions, and the bed cools down rapidly through convective heat transfer. Additionally, the 

maximum nodal temperature values shown in Figure 4 differ between the two cases. For S1, the 

maximum nodal temperature is 56.68°C compared to 58.76°C in S4.  

 
A)  
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B)  

Figure 4. Nodal contour plots, A) Nodal contour plot for time at 25.18 seconds for 100 mm x100 mm x 18 mm 

bed, B) Nodal contour plot for time at 25.18 seconds for 60 mm x10 mm x 0.2 mm bed 

 

The next analysis focuses on the temperature change on the top face of the first layer 

elements and presented in Figure 5. These nodes demonstrate the influence of the attached nodes 

at y=0 mm and the penetration of thermal waves resulting from different applied boundary 

conditions. As observed, scenario S6 exhibits a slow cooling rate and does not reach the bed 

temperature of 52°C. This is mainly due to the dominance of the ambient temperature of 60°C, 

resulting from the higher heat transfer coefficient. Increasing the contact resistance to another 

extreme aids in improving the cooling rate, but the second observed peak is higher than in the other 

scenarios. This is a consequence of the higher activated temperature of the adjacent element nodes. 

However, it should be noted that the accuracy of temperature prediction in scenarios S6 and S7 is 

compromised due to the limitations of the contact conductance value. 

 

Comparing scenarios S1, S2, S3, and S4, it is evident that the observed peaks in all cases 

are similar, but the cooling behavior of the elements differs for each scenario. As expected, the 

smallest bed size in S4 heats up and cools down rapidly due to its lower thermal mass, while faster 

cooldown rates in S1 and S2 are a result of the higher thermal mass. In contrast, scenarios S1 and 

S2, which have a higher thermal mass in the bed, experience faster cooldown due to the bed's ability 

to maintain a constant temperature throughout the process. This constant temperature aids in 

facilitating faster heat loss for the newly activated elements. On the other hand, scenario S3, with 

its optimal bed size, exhibits a slower heating rate while retaining heat for a longer duration. This 

prolonged heat retention allows the newly activated elements to remain at elevated temperatures 
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for an extended period. Lastly, scenario S5 closely approximates the temperature curves observed 

in the other scenarios, indicating its ability to provide accurate temperature predictions. 

 

 
 

 
Figure 5. Variation of the temperature for the node at x=30 mm, z=5.2 mm, y=LH or 0.2 mm (on the bed) 

 

 

In general, employing a constant bed temperature in simulations leads to decreased 

computational time due to the reduced Degrees of Freedom (DOF) required to solve for 

temperature variations. However, this approach still provides accurate temperature predictions. The 

primary challenge arises in accurately modeling the temperature of the attached nodes to the bed, 

which may result in errors of up to 7°C. Consequently, for thin parts, it is advisable to include print 

beds in the simulation process for more accurate results. This approach strikes a balance between 

computational efficiency and accuracy in temperature modeling. 

 

Conclusion 

 

The study investigated the impact of different boundary conditions applied to the print bed 

on both the nodes attached to it and the nodes of the first layer height elements. Sınce polymers 

have thermal conductivity in the order of 0.1
𝑊

𝑚𝐾
 , thermal conductance value with the bed in  the 

range of 1500
𝑊

𝑚𝐾
 gives the similar results and thus, thermal conduction with the print bed can be 

considered with less computational time. Otherwise, the thermal contact resistance must be 

calculated precisely by curve fitting to experimental results. Furthermore, three distinct conduction 

boundary conditions were tested, considering various dimensions of the print bed. The findings 

indicate that when reducing the size of the bed from its actual dimensions, the primary effect is 
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observed on the temperature of the attached nodes of the first layer, with a temperature difference 

of approximately 7°C. However, for nodes located on the top of the elements, the influence of the 

boundary conditions is less significant. In such cases, maintaining a constant bed temperature can 

be employed without significantly compromising the accuracy of the results.  
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20.  Çengel YA, Ghajar AJ (Afshin J Heat and mass transfer : fundamentals & applications. 

1018 

  

 

949




