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ABSTRACT 

Prototyping plays an important role in product design and has recently gained benefit from the rising 

popularity of 3D printing. It is to be expected that 3D printing will accommodate more materials, 

which need to be tailored to specific design requirements. Insights into heat transfer and fluid flows 

(thermo-fluid dynamics) in the printing process is thus essential to obtain favorable process 

parameters that can lead to high quality prints. In this work, polylactic acid (PLA) melt in Fused 

Filament Fabrication (FFF) 3D printing was numerically studied through Computational Fluid 

Dynamics (CFD) simulations, with a focus on the thermo-fluid dynamics of the strand deposition 

of the filament melt on the printer platform. The study was carried out by evaluating 6 printing 

cases, with a variation of 2 key process parameters, i.e., printing speed (30 and 45 mm/s) and 

platform temperature (310, 320, and 340 K). The simulation results showed that the free surface in 

the tip region of the strand has the most tendency to adhere to the printing platform heated at 340 K 

with the printing speed of 45 mm/s, as compared with other cases. This was affected by the lower 

dynamic viscosity in the region, relative to other cases, resulting from the high platform temperature 

and shear rate generated by the high printing speed. 
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INTRODUCTION 

The field of design and manufacturing has recently seen a widespread use of 3D printing, also 

known as additive manufacturing. This innovative technology has rapidly provided a new 

pathway for the prototyping and production of complex and customized objects, ranging from 

aerospace components [1-2], energy storage [3-4], to medical implants [5-6]. Among the various 

3D printing techniques, Fused Filament Fabrication (FFF), also known as Fused Deposition 

Modeling (FDM), has gained popularity due to its simplicity, cost-effectiveness, and versatility 
[7]. FFF technique enables the layer-by-layer creation of objects by extruding a thermoplastic 

filament through a heated nozzle onto a build platform. The material is extruded in a controlled 

manner, creating a series of two-dimensional cross-sections stacked vertically to form a three-

dimensional object. The versatility and accessibility of FFF makes it attractive for various 

applications, including rapid prototyping, customization, and low-volume production [8-10]. 
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Polylactic Acid (PLA) is one of the most widely used thermoplastic filament materials in FFF 

3D printing. PLA is derived from renewable resources such as cornstarch or sugarcane and is 

known for its biodegradability and biocompatibility [11]. These characteristics have contributed 

to PLA's popularity, especially in applications where sustainability and biocompatibility are 

essential. PLA exhibits a glass transition temperature around 60-65°C and melting temperature 

around 160-180°C [12], making it suitable for a wide range of applications, including medical 

devices, packaging prototypes, educational models, and figurines.  

While FFF using PLA has proven its capabilities in producing functional prototypes and end-

use parts, its potential is still far from fully explored. A critical aspect of 3D printing, often 

overlooked, is the thermo-fluid dynamics occurring during the deposition of successive layers 

of material. Previous study showed that the interlayer bond of PLA filaments in FFF 3D 

printing is often insufficient to promote a good mechanical strength [13]. Understanding and 

optimizing these dynamics is crucial for improving print quality, mechanical properties, and 

process reliability. In addition, insights into deposition thermo-fluid dynamics are also crucial 

when working with new filament materials, e.g., biopolymers [14]. 

The thermo-fluid dynamics in FFF refers to the intricate heat transfer and flow phenomenon 

that occur as successive layers of material are deposited during the 3D printing process. This 

includes three main aspects, i.e., heat transfer, material flow, and cooling/solidification. As 

each layer is deposited, it fuses with the previous one. Understanding how heat is transferred 

from the freshly extruded material to the previously deposited layer and how it dissipates within 

the printed object is important for controlling the printing process and optimizing interlayer 

bond, which affects material properties [15-17]. The flow behavior of the molten material as it 

exits the nozzle and spreads across the previous layer determines the final shape and quality of 

the printed part. Controlling material flow is essential for achieving precise geometries and 

minimizing defects. Rapid cooling and solidification of the deposited material are essential to 

maintain structural integrity and prevent deformation or warping [18]. Balancing the parameters 

that control these phenomena, for example printing speed and platform temperature, is thus a 

critical aspect of deposition thermo-fluid dynamics. 

Numerical simulation plays a pivotal role in the understanding of interlayer thermo-fluid 

dynamics in FFF 3D printing. Traditional trial-and-error approaches of balancing the process 

parameters can be time-consuming and costly, making numerical modeling a cost-effective and 

efficient alternative. Through Computational Fluid Dynamics (CFD), one can simulate and 

analyze the interactions between heat transfer and material flows within the 3D printing 

process. 

In view of the above motivation, this paper explores the numerical study of polymer deposition 

thermo-fluid dynamics in FFF 3D printing, with a specific focus on the use of PLA as the 

filament material. The long-term goal is to simulate the layer-by-layer deposition of the 

filament. However, in the current study, the scope is limited to a single layer deposition since 

the current objectives mainly lie in two aspects: (1) To develop a numerical model of the 

deposition thermo-fluid dynamics in FFF 3D printing; and (2) To investigate the influence of 

platform temperature and printing speed on the PLA strand thermo-fluid dynamics through 

CFD simulations based on the developed model. After these objectives have been met, 

extension of the model to simulate multiple layer deposition will follow. 
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METHOD 

In this study, FFF 3D printing using PLA filament was evaluated using CFD simulations. The 

physical process is shown in Figure 1, which illustrates the typical FFF printing setup. The 

extruded filament flows through a nozzle with a diameter 𝑑𝑛𝑜𝑧 at a certain average flow rate 

𝑄𝑛𝑜𝑧 and temperature 𝑇𝑛𝑜𝑧. Upon exiting the nozzle to ambient air with temperature 𝑇𝑖𝑛𝑓 , the 

filament is deposited on a heated platform bed (platform) at temperature 𝑇𝑏. The tip of the 

nozzle is elevated at a distance ℎ𝑝  from the platform surface. This distance is referred to as the 

print layer thickness. The nozzle makes a translating motion with respect to the platform, 

characterized by the printing speed 𝑈𝑝. These process parameters are summarized in Table 1. 

 
 

Figure 1. Illustration of a typical FFF 3D printing 

 

Table 1. Process parameters used in the study 

Parameters Value Unit 

   

Ambient air temperature, 𝑇inf 300 K 

Nozzle diameter, 𝑑noz 0.4 mm 

Print layer thickness, ℎ𝑝 0.4 mm 

Nozzle/extruder temperature, 𝑇noz 473 K 

Average filament melt flow rate in the nozzle, 𝑄noz 5.03 mm3/s 

Printing speed, 𝑈𝑝 30; 45 mm3/s 

Bed/platform temperature, 𝑇𝑏 310; 320; 340 K 

 

Numerical Model 

Fluid flow and heat transfer phenomena during the deposition of filament in FFF 3D printing 

is governed by a set of conservation laws of continuum fluid, namely mass conservation 

(continuity), momentum conservation (Navier-Stokes), and energy conservation. These laws 

serve as the core of the numerical model to simulate the process, and they are expressed as 

follow, respectively:  

 
𝜕

𝜕𝑡
(𝜌) + 𝛻 ∙ (𝜌𝑼) = 0   (1)
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𝜕

𝜕𝑡
(𝜌𝑼) + 𝛻 ∙ (𝜌𝑼𝑼) = −𝛻𝑝 + 𝛻 ∙ (𝜇∇𝑼) + 𝑺𝑆 + 𝑺𝐵   (2) 

 
𝜕

𝜕𝑡
(𝜌𝐻) + 𝛻 ∙ (𝜌𝑼𝐻) = 𝛻 ∙ (𝑘∇𝑇)   (3) 

In the above conservation equations, 𝜌 is density, 𝑼 velocity vector, 𝑝 pressure, 𝜇 dynamic 

viscosity, 𝐻 total enthalpy, 𝑘 thermal conductivity, and 𝑇 temperature. 

The model also captures the PLA filament flow surrounded by gas phase (air) by employing 

the Eulerian framework of immiscible two-phase flows. The PLA filament as the primary phase 

was treated as non-Newtonian liquid. Air as the secondary phase was treated as Newtonian 
liquid. Both phases were assumed to be laminar and incompressible. In this framework, the 

Volume of Fluid (VoF) method was used, where both phases were represented by volume 

fraction 𝛼. The volume fraction of 1 refers to the PLA melt, whereas volume fraction of 0 refers 

to the surrounding air. The transport equation of the volume fraction is expressed as: 

 
𝜕

𝜕𝑡
(𝛼) + 𝛻 ∙ (𝑼𝛼) = 0   (4) 

By solving the volume fraction transport, the dynamics of interface between the PLA melt and 

air can be captured, i.e., by reconstructing the computational cells having volume fraction 

between 0 and 1. 

The momentum source terms 𝑺𝑆 and 𝑺𝐵 in Eq. (2) are due to surface force and buoyancy force, 

respectively. In the primary phase (PLA melt), the latter was neglected due to the small volume 

of the melt. On the contrary, buoyancy effect due to temperature gradients in the secondary 

(air) phase was accounted for in the simulation. This thermal buoyancy was formulated using 

the Boussinesq approximation. 

Thermophysical Properties 

The thermophysical properties of PLA filament and air are outlined in Table 2. 

Table 2. Thermophysical properties of PLA filament and air used in the study 

Properties Value Unit 

   

PLA filament   

Density, 𝜌PLA 1250 kg/m3 

Thermal conductivity, 𝑘PLA 0.18 W/(m.K) 

Specific heat capacity, 𝑐𝑝,PLA 2140 J/(kg.K) 

Surface tension coefficient, 𝜎 0.04 N/m 

Air   

Reference density, 𝜌0, air 1.225 kg/m3 

Thermal conductivity, 𝑘air 0.024 W/(m.K) 

Specific heat capacity, 𝑐𝑝, air 1006.43 J/(kg.K) 

Dynamic viscosity, 𝜇air 1.79 x 10-5 kg/(m.s) 

Thermal expansion coefficient, 𝛽air 0.0026 K-1 

Non-Newtonian Viscosity of PLA 

Central to this study is the model to describe the PLA viscosity. As PLA exhibits shear-thinning 

behavior, it must be treated as non-Newtonian fluid [19]. Therefore, its viscosity should be 

modeled following the relation between shear stress and shear rate. Additionally, viscosity is 
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also affected by non-isothermal condition and pressure, as found in the extrusion of PLA melt 

in FFF 3D printing, in which the temperature of filament and extruder is raised above the 

ambient temperature and there is a pressure build up in the narrow passage of the extruder 

before the filament melt exits the nozzle. In this work, the Cross-WLF rheology model was 

chosen to calculate the PLA viscosity [20-21], as it formulates comprehensively the viscosity 

variation based on shear rate, critical shear stress, and temperature. The PLA dynamic viscosity 

is expressed as follows: 

 𝜇 =
𝜇0

1+(
𝜇0�̇�

𝜏∗ )
1−𝑛   (5) 

where 𝜇0 is the zero-shear viscosity, or the constant viscosity as it approaches the limit of 

extremely low shear rates, �̇� the shear rate, 𝜏∗ critical shear stress at the transition to shear 

thinning, and 𝑛 the power law index in the high shear rate regime. Both 𝜏∗ and 𝑛 were obtained 

from curve fitting. 

The zero-shear viscosity itself is a function of temperature, as follows: 

 𝜇0 = 𝐷1exp (−
𝐴1(𝑇−𝑇𝑔)

𝐴2+(𝑇−𝑇𝑔)
)   (6) 

where 𝑇𝑔 is the reference temperature, taken as the glass transition temperature of PLA, and 

𝐷1, 𝐴1, and 𝐴2 are data-fitted coefficients. The rheological properties and coefficients are given 

in Table 3. 

Table 3. Rheological properties and coefficients in the Cross-WLF viscosity model of PLA [20] 

Properties and coefficients Value Unit 

   

Critical shear stress, 𝜏∗ 1.29 x 105 N/m2 

Power law index, 𝑛 0.3826 - 

Glass transition temperature, 𝑇𝑔 373 K 

Coefficient, 𝐷1 2.05 x 107 kg/(m.s) 

Coefficient, 𝐴1 16.71 - 

Coefficient, 𝐴2 51.6 K 

Figure 2 shows the viscosity trend based on the variation of temperature and shear rates, 

according to Eq (5) and (6). Solidification of the melt as the temperature decreases can be 

represented by the increase of viscosity, which will effectively damp out the velocity field in 

the model when the viscosity becomes sufficiently high, according to the momentum 

conservation equation (Eq. (2)). 
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Figure 2. Viscosity variation with temperature and shear rates 

Simulation Settings 

The thermo-fluid dynamics of the PLA melt based on the numerical model outlined above was 

simulated using CFD software ANSYS Fluent 2020R2. As the Cross-WLF viscosity model 

was not readily available in the released version of the software, it was implemented into the 

software by programming the formula through User-defined Function (UDF). 

The numerical simulations were performed on a computational domain in the Cartesian 

coordinate system, shown in Figure 3. The domain is bounded by the following boundaries: 

atmospheric (at top, left, right, and back), extruder inlet (at top of extruder), symmetry (at 

front), and platform wall (at bottom). The domain size in x, y, and z direction is 5 mm (from x 

= -1 to 4 mm) x 1 mm (from y = 0 to 1 mm) x 1 mm (from z = 0 to 1 mm), respectively. The 

nozzle was positioned such that its central axis is colinear with x = 0 mm. The atmospheric 

boundaries (at top, lateral side, and downstream the nozzle) were open and pressure outlet 

conditions were applied at these boundaries. At the PLA inlet, a Hagen-Poiseuille velocity 

profile was used. At the air inlet (upstream the nozzle), a constant velocity with the magnitude 

of print velocity was used. Symmetry boundary condition was imposed on the front plane (the 

central plane parallel to the path of the nozzle motion), as it was commonly found that the flow 

characteristic is symmetric with respect to this plane. This also gives the benefit of saving 

computational time. Along the platform wall, a constant temperature was imposed (as given in 

Table 4), and a constant contact angle of 80° for PLA was established. This value is within the 

range of PLA contact angle found in literature [22]. 

The translation motion of the nozzle during the printing process was not explicitly modeled in 

the simulation. Rather, the relative motion of the nozzle with respect to the platform was set by 

fixing the nozzle as stationary while imposing the printing velocity at the platform. At the 

nozzle wall, a constant uniform nozzle/extruder temperature and no-slip boundary conditions 

were applied. Initially, the internal cylindrical channel of the extruder was filled with PLA 

filament (volume fraction of 1) having temperature of 𝑇noz. 
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Figure 3. Computational domain (not to scale) and boundaries 

The conservation equations in Ansys FLUENT were discretized using the finite volume 

method. The 2nd-order upwind scheme was used to discretize the convective flux terms, 

whereas 1st-order implicit Euler scheme was applied to the transient terms. Adaptive time 

stepping was employed, and an initial time step of 10-6 was applied for the first 100 time-

marching iterations. The maximum global Courant number was set to 1. The under-relaxation 

factor of 0.3 was used for pressure and velocity vectors. A convergence criterion of 10-5 was 

used for the residual of linear equation matrix iteration to obtain velocity vectors, and 10-6 for 

energy, with a maximum number of iterations per time step set at 30. The pressure-velocity 

coupling was treated using the PISO algorithm. 

 

Figure 4. Computational mesh used in the simulations 

The domain was spatially discretized into a finite number of hexahedral computational 

elements, with sufficiently fine elements allocated in the nozzle, the region of melt deposition, 

and the vicinity of walls, as shown in Figure 4. Based on the mesh sensitivity study, it was 

found that computational mesh of 450,000 elements offered a good trade-off between 

computational time and mesh-independence of the numerical solution. This mesh corresponds 

with the smallest computational element of the size 7.8 microns in all three directions. The 

mesh quality was also guaranteed by ensuring that the element aspect ratio in all three 

directions is close to 1 and non-orthogonality is sufficiently low. The simulations were 

performed using a computer running on Intel i7-9700K 3.60 GHz CPU with 6 core processors. 

RESULTS AND DISCUSSION 

The CFD simulations were performed for 6 cases, which represent a combination of 3 different 

platform temperatures (310, 320, and 340 K) and 2 printing speeds (30 and 45 mm/s). These 

values were selected because they are within the typical range used in FFF 3D printing. The 

platform temperature and printing speed were chosen as key variables because they 

significantly influence the thermo-fluid dynamics of polymer deposition in FFF 3D printing. 
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These parameters directly impact heat transfer and material flow of the deposition. The 

simulations are summarized in Table 4. The simulation time was set to 50 ms. 

Table 4. Overview of the simulation case studies 

Simulation case name 
Printing 

speed [mm/s] 

Platform 

temperature [K] 

   

run_01 30 310 

run_02 30 320 

run_03 30 340 

run_04 45 310 

run_05 45 320 

run_06 45 340 

In the following subsections, the thermo-fluid dynamics of the PLA melt deposition will be 

discussed by evaluating the full-length and cross-sectional profiles of the deposited strand. The 

discussion will be based on evaluation of the relevant field variables computed in the CFD 

simulations, e.g., temperature, velocity, free surface profile, and dynamics viscosity. 

Full-length Profiles of the Deposited Strand 

Figure 5 shows the comparison of full-length profiles of the deposited strand at t = 50 ms in all 

6 simulated cases, at the symmetry plane. The velocity vectors and free surface profile are 

shown. Inside the extruder, the PLA filament flows with a maximum velocity at its central axis, 

which is consistent with the Hagen-Poiseuille parabolic velocity profile for a flow in circular 

channel. As the filament touched the print platform, it was transported away downstream due 

to the imposed movement. The velocity vectors just above the platform represent the right level 

of imposed velocity, as compared with the listed values in Table 4. It is obvious that the cases 

with higher printing speed (run_04, 05, 06, at 45 mm/s) resulted in longer strand on the print 

platform than the other three cases (run_01, 02, 03, at 30 mm/s). The velocity difference also 

caused the free surface profile to differ between the two groups. Although all cases show 

similar profile qualitatively, i.e., the thickness of the strand is getting smaller when approaching 

the tip, for higher print speed (run_04, 05, 06) the stretching effect is higher, causing less steep 

top free surface than the ones with lower printing speed. 
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Figure 5. Velocity vectors and free surface profile on the symmetry plane at t = 50 ms 

In terms of temperature distribution, all 6 cases show qualitatively similar tendencies, as shown 

in Figure 6. The filament in the nozzle and right below the nozzle exit reached temperatures 

equal to the nozzle/extruder temperature (T = 473 K), but away from the nozzle exit this 

temperature level was only maintained at the top surface of the strand. There was cooling effect 

on the platform due to its lower temperature than the nozzle. It is also clear that the cooling 

region has the largest thickness at the tip of the strand, i.e., at the furthest point from the nozzle 

exit. 

Figure 7 shows the comparison between the temperature distribution taken at two sample lines 

at the symmetry plane. The first line was taken close to the platform (z = 0.1 mm), whereas the 

second close to the top surface of the strand (z = 0.3 mm). The temperature gradient in the x 

direction close to the platform (Figure 7a and 7c) was higher than that close to the top surface 

(Figure 7b and 7d), regardless of the printing speed. In the former, the temperature drop can be 

immediately observed as the distance from the nozzle increases, whereas in the latter the 

temperature was relatively constant up to around x = 1.2 mm in the 30 mm/s cases and x = 1.5 

mm in the 45 mm/s cases. This is likely to be caused by the cooling effect from the platform, 

which has lower temperature than the extruded PLA strand from the nozzle. 
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Figure 6. Temperature fields of the strand at t = 50 ms 

 

 
Figure 7. Comparison of temperature distribution at the symmetry plane at t = 50 ms. 

Top: run_01, 02, 03 at (a) z = 0.1 mm; (b) z = 0.3 mm; Bottom: run_04, 05, 

06 at (c) z = 0.1 mm; (d) z = 0.3 mm 

Figure 8 shows the comparison of dynamic viscosity fields among all cases. As this property 

was set as a function of temperature (according to Eq. (5) and (6)), its distribution followed the 

distribution of temperature fields in Figure 6. However, an inverse relation applied, where the 

region of high temperature had low dynamic viscosity. In the regions of low temperature above 

the platform, the viscosity was higher. At the tip of the strand with low temperature, the 
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dynamic viscosity increased exponentially, as implied by the Cross-WLF viscosity model in 

Eq. (6). 

 
Figure 8. Dynamic viscosity fields of the strand at t = 50 ms 

 

Cross-sectional Profiles of the Deposited Strand 

In addition to the full-length profile discussed in the previous subsection, the cross-sectional 

profiles of the deposited strand were also extracted from the simulations. Comparison of the 

free surface profiles in the cross-sections can capture the effect of the varying parameters on 

the deposited strand characteristics. 

Figure 9 shows the comparison of free surface topology at three cross sections (y-z planes) in 

the print direction (x direction), representing the region near the nozzle, middle region, and 

further from the nozzle (tip of the strand), respectively. As there were two printing speeds, the 

cross-section locations also differ between the low speed (top figures) and the higher speed 

(bottom figures). Accordingly, the topology was evaluated separately between them. Figures 

9a, 9b, and 9c correspond to the cross-section comparison between run_01, 02, and 03 (printing 

speed of 30 mm/s) at x = 0.5, 0.8, and 1.2 mm, respectively. Figures 9d, 9e, and 9f represent 

the cross-section comparison between run_04, 05, and 06 (printing speed of 45 mm/s) at x = 

0.75, 1.2, and 1.7 mm, respectively. At the cross section nearest to the nozzle, the free surface 

profiles among the cases with the same printing speed are perfectly identical. At the middle 

cross sections, free surface topology in the cases of 30 mm/s printing speed still looks identical, 

but a small deviation occurred in 45 mm/s cases at the lateral side of the strand (around y = 

0.28 mm). As the cross section moves further downstream towards the strand tip, the difference 

in free surface profile became more pronounced with 45 mm/s speed, whereas with 30 mm/s 

the difference is smaller, but more obvious than in the middle cross section. At the cross section 

close to the tip, the free surface at the bottom corner in the cases with the highest platform 

temperature (run_03 and run_06, at 340 K) tend to get closer to the platform, as compared with 

other cases with lower platform temperature. 
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Figure 9. Comparison of free surface topology at the Y-Z cross sections at t = 50 ms.  

Top: run_01, 02, 03 at (a) x = 0.5 mm; (b) x = 0.8 mm; and (c) x = 1.2 mm;  

Bottom: run_04, 05, 06 at (d) x = 0.75 mm; (e) x = 1.2 mm; and (f) x = 1.7 mm. 

Explanation of the mechanism causing the tendency of free surface at the strand edge near the 

tip to stick to the platform at high platform temperature could be based on the interplay between 

surface tension, viscosity, and shear rates. Surface tension generally decreases with 

temperature, preventing the free surface from minimizing its surface area. However, in the 

current simulation surface tension was assumed to be independent of temperature (Table 2). 

Therefore, it is important to look at the relation between viscosity and temperature. At high 

temperature, the dynamic viscosity decreases, which makes the PLA surface flow more easily.  

Moreover, shear rates also affect dynamic viscosity. With higher printing speed, the deposited 

strand experiences higher shear rates at the region close to the platform surface. As indicated 

in Eq (5) and (6) as well as Figure 2, the PLA dynamic viscosity decreases with shear rates, 

leading to higher tendency of the free surface to collapse when the platform temperature is the 

highest (Figure 9f). 

The above analysis highlights that combination of printing speed and platform temperature 

determines the thermos-fluid dynamics of the deposited PLA strand, which also includes the 

free surface characteristics. It must be underlined, though, that further improvement of the 

model and simulation is needed. For example, temperature-dependent surface tension and 

contact angle can be implemented in future study to capture more physical representation of 

the PLA deposition. Experimental measurements are also required to better validate and 

understand the deposition behavior. 

CONCLUSION 

This paper presents the thermo-fluid dynamics of Polylactic Acid (PLA) strand during Fused 

Filament Fabrication (FFF) 3D printing using Computational Fluid Dynamics (CFD) 

simulations. Focusing on strand deposition on the printing platform, the study explored six 

printing cases with variations in key parameters: printing speed (30 and 45 mm/s) and platform 

temperature (310, 320, and 340 K). The simulations revealed that higher printing speed and 

elevated platform temperature resulted in longer strands with unique free surface profiles at the 
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tip region. Cross-sectional profiles provided additional insights, demonstrating identical free 

surface profiles among cases with the same printing speed near the nozzle. Deviations occurred 

at middle cross-sections for higher printing speeds, which became more pronounced towards 

the strand tip. At the tip, high platform temperatures notably led to the free surface at the strand 

edge sticking closer to the platform, influenced by the interplay of temperature, viscosity, and 

shear rates. The dynamic viscosity decreased with higher temperature and shear rates, 

contributing to the collapse tendency of the free surface. The numerical study captured the 

interactions governing PLA deposition in FFF 3D printing. The influence of key parameters, 

specifically printing speed and platform temperature, on strand characteristics and free surface 

profiles was examined. The findings emphasize the relations between temperature, viscosity, 

and shear rates, which provided the mechanisms driving the observed trends. The numerical 

model and simulation potentially contribute to optimizing 3D printing processes for high-

quality prints. Understanding the thermo-fluid dynamics aids in tailoring process parameters, 

with implications for material flow, layer adhesion, and overall print quality. This will also 

allow for exploration into broader applications and development of FFF printing materials, 

driving innovation in additive manufacturing technologies. 
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