
JJMIE 
Volume 17, Number 4, December. 2023 

ISSN 1995-6665 

Pages 617– 624 

https://doi.org/10.59038/jjmie/170416 

Editor-in-Chief: Prof. Ali M. Jawarneh 

Jordan Journal of Mechanical and Industrial Engineering  

Thermal Evaluation of Material Extrusion Process Parameters and 

Their Impact on Warping Deformation 

Hussein Alzyod*, Peter Ficzere 

Department of Railway Vehicles and Vehicle System Analysis, Faculty of Transportation Engineering and Vehicle Engineering, Budapest 

University of Technology and Economics, H-1111 Budapest Műegyetem rkp. 3. 

Received 12 Jul 2023     Accepted 30 Aug 2023 

Abstract 

Warping deformation poses a significant challenge in the material extrusion process of ABS additive manufacturing, 

impacting dimensional accuracy and part quality. In this study, we aimed to optimize the printing factors to minimize 

warping deformation and enhance the overall performance of ABS-printed parts. The studied parameters included bed 

temperature, printing speed, chamber temperature, and printing temperature. To overcome the limitations of time-consuming 

and costly laboratory experiments, a simulation-based approach using numerical techniques and the Digimat-AM software's 

finite element model was employed to visualize and analyze warping deformation. The Taguchi technique was utilized to 

design a series of experiments, yielding valuable data for statistical analysis and optimization. The results highlighted the 

significant influence of bed temperature on warping deformation, followed by chamber temperature, printing temperature, 

and printing speed. Through systematic analysis, the "optimal" parameter settings were determined. These findings offer 

valuable insights for process optimization, enabling improved dimensional accuracy and reduced warping deformation in 

ABS additive manufacturing. By combining numerical simulation and the Taguchi method, this investigation gives a 

practical and efficient method for enhancing the performance of material extrusion processes, ensuring high-quality printed 

parts in the field of additive manufacturing. 

© 2023 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 

Keywords:  Warping deformation, Material extrusion, Fused deposition modeling, Finite Element Analysis, Taguchi method, ANOVA.

1. Introduction 

Additive manufacturing (AM), also known as a 3D printing 

technology, was invented by Charles Hull in the mid-80s of the 

last century[1]. Since then, AM technology has been developed 

rapidly and improved using many methods, but all of them use 

the same principle, layer upon layer. These days, it is 

employed in many industrial sectors, including aerospace[2], 

automotive [3], medical[4], [5], and even food[6].AM 

manufacturing is categorized based on the raw material into 

four main categories, liquid, filament, powder, and solid 

layer[7]. In the filament category, Material Extrusion (MEX), 

also known as Fused Filament Fabrication (FFF) or Fused 

Deposition Modeling (FDM), which is trademarked to 

Stratasys since 1991 [8]. FFF is a low-cost and multilateral-

using technology, making it one of users' most favored 

technologies. The use of polymer AM in the market in 2020 

was estimated at about $11 billion, and in 2030, it is expected 

to achieve more than $55 billion[9]. As illustrated in Figure 1, 

MEX mainly has five components: filament, feeder, liquefier, 

nozzle, and bed plate. 

The printing process begins by pulling the filament to the 

liquefier using the feeder. Two types of techniques are used in 

the feeding process, either Bowden or Direct[10]. Then, the 

liquefier melt the filament material to a semi-moltenstate prior 

to extrusion through the extruder head. Finally, the extruded 

filament will be deposited on the bed plate and bond with the 

previous filament forming the layer. Building layers occurs 

with a fixed nozzle and moving bed plate or vice versa. MEX 

technology has structural and printing parameters, which can 

be identified in the slicing process, and Figure 2 displays these 

parameters[11]. 

 

 

Figure 1. FFF schematic drawing: 1) filament, 2) feeder, 3) liquefier, 

4) extruder head, and 5) bed plate 
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Figure 2. Ishikawa diagram of FFF parameters [11] 

Most of commercial printers use open-source slicers, while 

industrial printers have their own slicers. The difference 

between open-source and non-open-source slicers is that the 

former can modify all the printing and structural parameters, 

while the latter has limitations regarding some parameters, 

such as extrusion temperature, extrusion speed, and infill 

pattern. MEX technology exhibits several promising benefits, 

encompassing its cost-effectiveness, versatility in material 

compatibility and biodegradable polymers [12], [13], ability to 

produce mechanically robust parts, compitable with reinforced 

and composite material, which hold significant importance by 

enabling the creation of lightweight yet strong 

components[14], [15], user-friendly operation, easy 

maintenance, and implementation, as well as its non-toxic 

nature [16]. Conversely, MEX does present certain limitations, 

including constraints on printing size, the requirement for 

support structures, extended build time, relatively low 

resolution, warping deformation, and limited accuracy. The 

extensive adoption of MEX technology has resulted in a surge 

of scientific research and inquiries[17]–[21]. Tura [22] studied 

the impact of four printing factors on the flexural strength of 

Acrylonitrile Butadiene Styrene(ABS) made using FFF 

technology, and he observed that the raster was the most 

important parameter. Hameed et al. [23] investigated five 

printing factors, and their impact on the tensile, flexural, and 

impact strength of Acrylonitrile Styrene Acrylate (ASA) 

fabricated using FDM technology. The research findings 

indicated that the infill density and layer height emerged as the 

primary factors influencing the results in the production of 3D-

printed components. Beșliu-Băncescu et al. [24] examined the 

impact of printing temperature, layer thickness, and printing 

speed on the physical-mechanical properties (fracture 

temperature, weight error, ultimate tensile strength) as well as 

technological properties (cutting machinability, top and lateral 

surface roughness) of polycaprolactone (PCL) wood-based 

biopolymer components produced through FDM. The 

conducted research found that selecting the highest level of 

printing speed had a beneficial impact on both the surface 

roughness and ultimate tensile strength of the 3D-printed 

components. The machinability of these printed parts was 

assessed by analyzing cutting force criteria. The findings 

revealed that the PCL wood-based polymer, which was the 

focus of this study, exhibited lower machinability compared to 

natural wood. Zhen et al. [25]conducted an impressive study to 

investigate the effect of filling angle, printing rate, printing 

orientation, and heat treatment effects on mechanical properties 

(tensile and bending) and crystallinity of Poly-ether-ether-

ketone (PEEK) samples printed using FDM technology. The 

findings revealed that optimal mechanical performance was 

attained by employing a printing rate equivalent to one times 

the standard rate. Variation in angle cross-fillings within ±10° 

intervals, combined with vertical printing, also yielded 

favorable outcomes. It was observed that horizontal printing 

led to reduced warping. Moreover, heat treatment played a 

crucial role in enhancing both mechanical properties and 

crystallinity. Specifically, the most favorable outcomes were 

observed after subjecting the material to a heat treatment of 

300 °C for two hours. Notably, the measured tensile strength 

approached approximately 80% of the strength exhibited by 

injection-molded PEEK components. Previous research has 

been done to study the warping deformation in the MEX 

technology. Rosli et al. [26] studied the influence of bed 

temperature on the warping deformation of ABS-FDM parts 

and found that a decrease in warping was observed as the bed 

temperature increased. This outcome can be attributed to the 

reduction in thermal stress due to the higher glass transition 

temperature exhibited by the printed samples compared to the 

filament used. Chohan[27] utilized the Learning Enthusiasm 

based teaching–learning algorithm (LebTLBO) to optimize 

four printing factors and enhance the warping deformation of 

ABS components. In a separate study, Messimer et al.[28] 

examined the warping deformation of ten different materials by 

two types of heated plates: an aluminum-polycarbonate (AL-

PC) composite and pure glass or aluminum plate. The findings 

indicated that utilizing a heated AL-PC print bed positively 

impacted the deformation of FDM samples, especially for TPU 

and ABS filaments. Chaidas[29] came to the conclusion that 

for Wood-flour PLA (PLA/W) composite material produced 

via FFF, lower printing temperature and layer thickness could 

optimize both surface quality and dimensional accuracy. 

Additionally, Vyavahare[30] identified wall print speed, layer 

thickness, and build orientation as important process 

parameters affecting the dimensional accuracy of ABS-FFF 

components. 
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Warping deformation, which significantly impacts 

dimensional accuracy and the quality of parts, occurs due to 

temperature variations between consecutive printed layers 

during the cooling and solidification process in 3D printing. It 

can also arise from temperature differences between the initial 

layer and the printer bed, leading to material shrinkage. The 

physical constraints exerted by the preceding layers give rise to 

warping deformation [31], and Figure 3 depicts this 

phenomenon. 

Consequently, the cooling behavior of layers plays a crucial 

role in the overall part quality and dimensional stability. After 

a new track is deposited, the layers beneath it undergo a 

cooling process due to the temperature gradient between the 

printing temperature and the surrounding environment[32]. 

This cooling process involves the transfer of heat through 

various mechanisms. The first mechanism is conductive heat 

transfer, where heat flows from the newly deposited track to 

the layers below it. Since these lower layers are already at a 

lower temperature, the heat transfer happens because of the 

temperature difference, causing the material to gradually cool 

and solidify[33]. This conductive heat transfer helps maintain 

the part's structural integrity as the layers solidify and bond 

together. The second mechanism is convective heat transfer, 

which involves heat exchange between the part and the 

surrounding air. The newly deposited track releases heat, 

creating a temperature gradient that promotes airflow around 

the part. This convective heat transfer allows for heat 

dissipation from the part to the ambient air, aiding in the 

cooling process[34]. Efficient convective heat transfer helps 

prevent overheating and ensures consistent cooling across the 

part. The third mechanism is radiative heat transfer, whereby 

heat is transferred through thermal radiation. The part, 

including the newly deposited track, emits thermal radiation 

that transfers heat to the rest of the part and the build 

chamber[35]. This radiative heat transfer contributes to the 

overall cooling of the part by dissipating heat energy in the 

form of electromagnetic radiation. 

By considering these three heat transfer mechanisms, 

namely conductive, convective, and radiative, one can gain a 

comprehensive understanding of the thermal dynamics 

involved in the cooling process of FDM-printed parts. 

Optimizing these heat transfer processes is essential for 

controlling the cooling rate, minimizing warping, and 

achieving dimensional accuracy in the final printed parts. In 

light of the abovementioned heat transfer mechanisms in FDM 

printing, this research endeavors to shed light on the novel 

investigation of the influence of four key printing factors, 

namely bed temperature, printing speed, chamber temperature, 

and printing temperature, on the warping deformation of ABS-

FFF samples. The primary objective of this study is to employ 

numerical simulation techniques to comprehensively analyze 

the impact of these factors on warping deformation. 

Furthermore, to effectively explore the parameter space and 

ensure a robust experimental design, the Taguchi L9 

orthogonal array methodology was utilized. Aligned with the 

investigation of these pivotal parameters, it is pertinent to 

acknowledge a prior empirical exploration of the same 

variables—bed temperature, printing speed, chamber 

temperature, and printing temperature. This antecedent 

experimental study laid the groundwork by providing tangible 

insights into the effects of these parameters on warpage 

deformation within the MEX process. Expanding upon this 

foundational work, our current research endeavors to 

complement and extend these empirical observations through 

the adoption of a numerical simulation approach, employing 

Finite Element Analysis (FEA), to rigorously scrutinize the 

same set of parameters. The incorporation of FEA within our 

study serves a dual purpose: it facilitates a comprehensive 

investigation into the intricate thermal dynamics and their 

resultant impact on warpage deformation, while concurrently 

offering a mechanism for validating the precision and 

dependability of our numerical methodology. By comparing 

our numerical outcomes with the empirical data generated by 

the preceding experimental study done by Stephens et al. [36], 

our objective is to establish a robust framework that 

substantiates the predictive capacity of our numerical solution 

in effectively elucidating the intricate interplay between 

process parameters and warpage deformation. This not only 

bolsters the authenticity of our findings but also contributes to 

the substantiation of numerical simulation as a potent avenue 

for comprehending the intricacies of the material extrusion 

process. Through the amalgamation of empirical insights and 

numerical validation, our research seeks to construct a holistic 

comprehension of how these parameters orchestrate warpage 

deformation within the realm of ABS additive manufacturing. 

This fusion of empirical knowledge and numerical rigor not 

only augments the existing academic corpus but also 

underscores the efficacy of a holistic approach in advancing 

the optimization of material extrusion procedures, thereby 

elevating part quality and dimensional precision to new 

thresholds. 

 

Figure 3. Development of warping deformation due to shrinkage and residual stress 
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2. Experiment details and methodology 

2.1. Material, part, and printing factors 

The ABS filament, utilized as a printing material in this 

investigation, was obtained from e-Xtream Engineering, which 

is a division of Hexagon's Manufacturing Intelligence. The 

filament used was a natural-colored, amorphous, and unfilled. 

A 3D cuboid model with specific dimensions of 60 mm x 30 

mm x 10 mm was designed using computer-aided design 

(CAD) software to conduct the experiments. The design of the 

cuboid model is visually represented in Figure 4. 

 

Figure 4.The sample used and its dimensions 

2.2. Experimental design and optimizing method 

To thoroughly investigate the influence of printing factors 

in MEX, it is essential to employ systematic design of 

experiments (DOE) approaches, such as Central Composite 

Design (CCD), Taguchi's method design, Box-Behnken design 

(BBD), and Response Surface Methodology (RSM) [37], [38]. 

These methods are pivotal in enabling a comprehensive 

analysis[39]. By adopting these DOE methods, researchers can 

systematically examine the impact of several input variables on 

a single output variable. This structured approach facilitates 

more precise representation of the response surface and aids in 

identifying optimum parameters setup[17]. Utilizing these 

DOE methods enhances the reliability and efficiency of the 

study, enabling researchers to draw meaningful conclusions 

about the effects of process factors in MEX.In this research, 

the Taguchi L9 orthogonal array methodology, useful in 

minimizing the number of experimental studies required to 

comprehensively analyze the various factors influencing 

performance parameters[40], was employed to analyze the four 

factors and their respective levels systematically. Table 1 

presents an overview of these factors and their designated 

levels for the experimental design. To assess and optimize the 

process variability and response values Mean Effects Plot 

(MEP) and Signal to Noise (S/N) ratio were utilized as 

analytical tools[41]. The selection of the S/N ratio type is 

contingent upon the study's specific objectives. In this 

investigation, the primary focus was on minimizing the 

warping deformation of the samples.  

Table 1. Investigated factors and their levels 

Parameter  Unit  
Levels 

1 2 3 

Printing Temperature (PT) ºC 225 230 235 

Bed Temperature (BT) ºC 87 90 93 

Printing speed (PS) mm/s 30 45 60 
Chamber Temperature (CT) ºC 37 40 43 

Accordingly, the "smaller is better" type of S/N ratio was 

calculated according to Eq (1) as the appropriate criterion for 

evaluation [18], [42]. 

𝑆 𝑁⁄ = (−10) × 𝑙𝑜𝑔10 (
1

𝑛
)∑𝑦𝑖

2

𝑛

𝑖=1

 (1) 

These factors were selected due to their influence on the 

conductive, convective, and radiative heat transfer processes in 

MEX printing. The role of each parameter in relation to these 

heat transfer mechanisms can be illustrated as follows: 

 Printing Temperature: The printing temperature primarily 

affects conductive heat transfer[43]. Higher printing 

temperatures lead to increased heat transfer from the newly 

deposited track to the layers below via conduction. It 

promotes better interlayer bonding by ensuring effective 

fusion and melting of the material. However, excessively 

high temperatures can result in excessive heat 

accumulation, leading to issues like over-melting and 

deformation. 

 Bed Temperature: The bed temperature influences both 

conductive and convective heat transfer[44]. Maintaining 

an adequate bed temperature helps maintain the heat 

balance throughout the part. It aids in conducting heat to the 

layers below, ensuring proper interlayer adhesion and 

minimizing warping. Additionally, the bed temperature 

affects convective heat transfer by influencing the 

temperature gradient between the part and the surrounding 

air, facilitating heat dissipation from the part. 

 Chamber Temperature: The chamber temperature 

predominantly impacts convective heat transfer[45]. 

Adjusting the chamber temperature allows to control the 

heat exchange between the part and the surrounding air. 

Higher chamber temperatures promote better convective 

cooling as the temperature gradient between the part and 

the air increases, facilitating more efficient heat dissipation. 

However, extreme temperature variations may also affect 

the dimensional stability of the part. 

 Printing Speed: Printing speed affects all three heat transfer 

mechanisms to varying degrees[46]. Higher printing speeds 

can result in reduced heat transfer through conductive 

mechanisms, as the newly deposited material spends less 

time in contact with the previously printed layers. However, 

faster printing speeds can also impact convective heat 

transfer by altering the airflow patterns around the part. It 

may hinder effective cooling if the convective heat transfer 

is impeded. Additionally, printing speed can influence 

radiative heat transfer indirectly by affecting the overall 

heat accumulation within the part. 

2.3. Numerical simulation 

In recent years, the numerical solution has been 

implemented many sectors of research field[47]–[49]. AM 

technologies also utilized the numerical solution[50]. It saves 

time and money and can give a rapid prediction of the 

responses [51]. In this investigation, Digimat-AM FEA was 

employed to perform the simulation. Digimat-AM is a software 

tool that facilitates the simulation of additive manufacturing 

processes involving polymers and composites. Its primary 

purpose is to predict the warping and residual stress in 3D-

MEX printed parts. The simulation procedure encompasses 

four main stages: definition, manufacturing, simulation, and 

results. Digimat-AM offers three manufacturing techniques 

during the definition stage: Selective Laser Sintering (SLS), 

FFF, and FDM. FFF was selected as the preferred technique 

for the specific task at hand. The FFF setup involved a 

chamber with dimensions of 200x200x180 mm, a fixed 

platform, and the application of a thermo-mechanical 

investigation method. The 3D printer settings in the slicer 



 © 2023 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 17, Number 4  (ISSN 1995-6665) 621 

software determined the dimensions of the chamber. In this 

stage, the geometry of the component was imported, while the 

chosen printing material was as mentioned before, ABS. 

Moving on to the manufacturing stage, the process steps were 

defined in a specific order: printing, holding, cooling, and 

removing support. This stage involved establishing the process 

factors. The room temperature was set at 25°C, while the 

chamber temperature was changed according to the 

investigated run, and a convection coefficient of 0.015 

mW/mm2 ℃ was applied. In the simulation stage, the user 

could choose between two options for geometry discretization: 

layer-by-layer discretization or filament discretization. The 

present study employed a layer-by-layer strategy within the 

filament discretization approach. Finite element layers were 

utilized instead of considering a section of the filament. The 

simulation was performed on a computer with an Intel(R) 

Core(TM) i7 CPU processor operating at 2.67 GHz, featuring 

eight available CPUs and 8 GB of RAM. Finally, the output 

results by the FEA software contain warping deformation 

values. Figure 5 shows the warping results of run 7 in the L9 

array. 

 

Figure 5. Warping results of Digimat-AM simulation for run 7 

3. Results analysis and discussion  

3.1. Probability plots 

 

Table 2 presents the implementation of the Taguchi L9 

orthogonal array (OA) along with the corresponding outcomes 

obtained from the numerical tests. The distribution of warping 

deformation results is quantified through probability plots to 

verify the normality assumption[52]. In this study, the 

Anderson-Darling (ADT) test, a statistical technique widely 

employed for identifying outliers within a normal distribution, 

was employed [53]. The findings depicted in Figure 6 reveal 

that the warping deformation results for all responses align 

closely with the fitted line. Furthermore, the Anderson-Darling 

(ADT) statistics values exhibit comparably low values, and the 

p-value associated with the test surpasses the threshold of 0.05. 

These observations indicate that the data conform to a normal 

distribution. Consequently, the data is deemed suitable for 

further analysis and optimization, allowing for exploring 

additional insights. 

 

Table 2. Taguchi L9 OA and the warping deformation results 

Run 

 

BT 

[ºC] 

PS 

[mm/s] 

CT 

[ºC] 

PT 

[ºC] 

Warping deformation  

[mm] 

1 87 30 37 225 0.5549 

2 87 45 40 230 0.5424 

3 87 60 43 235 0.5304 

4 90 30 40 235 0.5432 

5 90 45 43 225 0.5533 

6 90 60 37 230 0.5774 

7 93 30 43 230 0.5536 

8 93 45 37 235 0.5781 

9 93 60 40 225 0.5884 

 

Figure 6. Probability plot of warping deformation response 

3.2. MEP and Analysis of Variance of means for individual 

responses 

Figure 7 and Figure 8 provide a visual representation of 

the MEP analysis and the S/N ratio graph, respectively. An 

analysis of variance (ANOVA) was conducted at a 95% 

confidence level to assess the printing factors' main effects on 

individual responses. Table 3 presents the ANOVA results for 

warping deformation, and the contribution percentages of each 

parameter in minimizing warping deformation were 

determined. Based on the computed p-values, it is evident that 

all the considered factors in this study exhibited statistical 

significance. These p-values serve as essential indicators of the 

strength of the associations between the factors and the 

observed variations in warping deformation. In this context, the 

obtained p-values were found to be below the predetermined 

threshold of 0.05, signifying a 95% confidence level. Among 

the investigated factors, bed temperature emerged as the most 

significant factor, contributing 47.75% towards minimizing 

warping deformation. Following closely was the chamber 

temperature, contributing 29.9%. The printing temperature and 

speed contributed 11.27% and 11.07%, respectively. The 

outcomes of this study are consistent with the prior research 

conducted by Stephens et al. [36]. In their study, the authors 

examined warping deformation in ABS samples produced 

using a cost-effective FDM printer equipped with a closed 

chamber to control the chamber temperature. Similar to the 

present investigation, they considered printing temperature, 

bed temperature, printing speed, and chamber temperature as 

the factors of interest. The results from Stephens et al.'s 

research revealed that the bed temperature exhibited the 

highest significance, contributing approximately 54.48% to 
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reducing warping deformation. Following closely, the chamber 

temperature demonstrated a contribution of approximately 

39.87%. These findings align with and corroborate the 

observations made in the current study, serving as a valuable 

validation of the accuracy and reliability of this numerical 

model in predicting the influential factors for minimizing 

warping deformation in ABS-MEX printing. 

 

Figure 7. Mean effects plot for warping deformation 

 

Figure 8. S/N ratio plot for warping deformation 

Table 3. ANOVA for individual responses 

Source DF Seq SS Contribution Adj SS Adj MS F-Value 

P-

Value 

BT 2 0.001423 47.75% 0.001423 0.001423 42161.78 0.00 

PS 2 0.000330 11.08% 0.000330 0.000330 9779.01 0.00 

CT 2 0.000891 29.89% 0.000891 0.000891 26388.20 0.00 

PT 2 0.000336 11.28% 0.000336 0.000336 9955.60 0.00 

Error 0 0.00 0.00% 0.00 0.00   

Total 8 0.002980 100.00%     

3.3. Confirmation test 

As depicted in Figure 8, the optimization of printing factors 

led to the minimization of warping deformation. Specifically, 

selecting a bed temperature of 87°C (first level), a printing 

speed of 30 mm/s (first level), a chamber temperature of 43°C 

(third level), and a printing temperature of 235°C (third level) 

resulted in the reduced warping deformation, as indicated by 

the graph. A confirmation simulation was conducted to 

validate and ensure the reliability of the abovementioned 

optimum level of printing factors determined through the 

Taguchi technique. This simulation aimed to assess and 

confirm the quality response regarding warping deformation. 

The warping deformation observed in the confirmation 

simulation was measured at 0.5175 mm, which was less than 

the lowest value obtained in the previous results. This outcome 

indicates that the chosen optimal values of printing factors 

effectively minimized warping deformation. Hence, it can be 

concluded that the Taguchi technique successfully facilitated 

the determination of an optimal set of printing factors, 

demonstrating its efficiency in optimizing the printing process 

and improving the quality of the final printed parts. 

4. Conclusion 

In this study, the authors aimed to evaluate the thermal 

related factors of the material extrusion process, specifically 

focusing on warping deformation in ABS samples. The factors 

investigated included bed temperature, printing speed, chamber 

temperature, and printing temperature. To overcome the 

challenges associated with cost and time constraints in 

laboratory studies, a simulation approach employing numerical 

techniques and the Digimat-AM software's finite element 

model was utilized to investigate warping deformation. The 

Taguchi technique was utilized, involving 9 runs according to 

the number of process factors and their respective levels, to 

perform the necessary data for statistical analysis. This 

research contributes to understanding the thermal evaluation of 

material extrusion process factors and their influence on 

warping deformation in ABS samples. The utilization of 

numerical simulation and the Taguchi method allows for 

systematic analysis and optimization of the printing factors, 

leading to improved dimensional accuracy and reduced 

warping deformation. These findings provide valuable insights 

for the optimization of material extrusion processes and 

enhance the understanding of the interactions between process 

factors and warping deformation in material extrusion additive 

manufacturing. 
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