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                     Abstract 
 This study explores the optimization of additive manufacturing (AM) confi gurations, specifi cally Cartesian and Polar 3D 

printers, by addressing challenges related to structural limitations, material weaknesses, and printing errors. Current research 

often lacks comparative analysis of material performance across diff erent printer confi gurations, creating a gap in optimiz-

ing these systems. To address this, Finite Element Analysis (FEA) and experimental validation were employed to assess the 

suitability of carbon fi bre and structural steel. Carbon fi bre was found to be the optimal material for Cartesian printers due to 

its high strength-to-weight ratio and minimal deformation, with maximum deformation values of 0.12 mm in Cartesian and 

0.18 mm in Polar printers, enhancing accuracy and reliability. For Polar printers, structural steel was selected for its stability 

and robustness, with deformation values of 0.45 mm in Cartesian and 0.62 mm in Polar confi gurations. Surface roughness 

analysis further supported these fi ndings, with Polar printer specimens achieving a roughness of 1.464 μm using optimized 

gantry systems versus 1.895 μm with older systems, and Cartesian printer specimens showing 1.994 μm versus 2.125 μm. 

This research provides a detailed comparative analysis that enhances material selection and printer design optimization, 

contributing to improved AM processes and paving the way for future innovations in the fi eld. The novelty of this study lies 

in its comprehensive approach to optimizing material selection across diff erent 3D printing confi gurations, combining FEA 

with experimental validation. 

   Keywords     Additive manufacturing    ·  Material extrusion    ·  FEM    ·  Cartesian printer    ·  Polar printer    ·  Carbon fi ber    ·  Structural 

steel  

      Introduction 

 Over the last few decades, 3D printing technology has tran-

sitioned from a niche prototyping tool to a cornerstone of 

modern manufacturing (Raj et al.  2023 ,  2024a ,  b ; Tyagi et al. 

 2023 ; Yadav et al.  2020 ). The technology’s ability to create 

complex geometries, reduce material waste, and customize 

products has driven its adoption across a range of industries. 

Material extrusion is a popular AM technique with potential 

applications in robotics (Hohimer et al.  2017 ), aerospace 

(Duda and Raghavan  2018 ; Mahesh et al.  2023 ), education 

(Singhal et al.  2022 ,  2024 ), electronics (Raj et al.  2024c ), 

and healthcare (Satsangee et al.  2023 ; Tyagi  2023 ,  2024 ; 

Tyagi et al.  2024a ,  b ,  c ; Haleem and Javaid  2019 ; Raj et al. 

 2024d ). In the aerospace sector, 3D printing is utilized to 

produce lightweight components, reducing fuel consump-

tion and increasing effi  ciency. In healthcare, it enables the 
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creation of patient-specifi c implants and prosthetics, signifi -

cantly improving patient outcomes. The automotive industry 

benefi ts from 3D printing through rapid prototyping and the 

production of lightweight parts that enhance vehicle perfor-

mance. Moreover, consumer goods manufacturers leverage 

3D printing for mass customization, allowing for tailored 

products that meet individual customer preferences. 

 Given the growing importance of 3D printing, optimizing 

the structural design and material selection of 3D printers is 

critical for enhancing their performance and expanding their 

application scope. This study focuses on Cartesian and Polar 

Fused Deposition Modelling (FDM) based 3D printer struc-

tures, evaluating their performance through Finite Element 

Analysis (FEA) to identify optimal design confi gurations 

and material choices that can further drive the evolution of 

3D printing technology (Selva Priya et al.  2019 ; Mateti et al. 

 2023 ; Tyagi et al.  2024d ; Kurmi  2018 ; Stolarski  2018 ). 

 Recent research has focused on improving the con-

struction and design of large-scale fused filament fab-

rication (FFF) 3D printers (Griffi  ths et al.  2016 ; Singhal 

et al.  2023a ,  b ). Brathikan et al. ( 2272 ) designed a 1.5-m 

cubic FDM printer in SOLIDWORKS and analysed using 

ANSYS Workbench for static structural, modal, and har-

monic responses, and motion analysis was performed with 

ADAMS dynamic software to evaluate the impact of exter-

nal forces and resonant frequencies on the printer’s frame 

and guide rails. While Huang et al. ( 2019 ) optimized the 

design of an FFF 3D printer using FEA, focusing on the 

stability of the nozzle system and asymmetrical deforma-

tion. Alzyod and Ficzere ( 2023 ) applied FEA to metal 3D 

printing, emphasizing the importance of optimizing printing 

settings to ensure structural integrity and enhance material 

performance. Mishra et al. ( 2023 ) evaluated the suitability 

of materials for connecting rods in engineering applications, 

comparing traditional steel with advanced composites and 

evaluating static stress and deformation using ANSYS FEA 

software. Fisher’s ( 2005 ) selection of engineering materials 

and adhesives provides a comprehensive guide for select-

ing materials, covering mechanical properties, processing 

characteristics, and corrosion resistance. The study also 

examines how spatial arrangements aff ect print accuracy in 

material extrusion 3D printers, highlighting the use of FEA 

in stress and strain distribution predictions. These studies 

underscore the importance of careful structural analysis and 

optimization in the design and construction of FFF 3D print-

ers for AM applications. 

 Recent research has highlighted signifi cant advancements 

in material science, demonstrating the potential to improve 

performance and efficiency in mechanical components 

through the use of advanced composites. While a notable 

gap exists in the current body of research regarding the static 

structural analysis of Cartesian and Polar 3D printers. While 

extensive studies have been conducted on the materials and 

structural integrity of specifi c engineering components, 

such as connecting rods, a thorough analysis of the struc-

tural performance of 3D printers remains limited. Given the 

increasing reliance on 3D printing technology across various 

industries, it is essential to undertake comprehensive static 

structural analyses of Cartesian and Polar 3D printers to 

ensure their reliability, effi  ciency, and functionality. 

 This current research focuses on the CAD modelling of 

3D printers that utilize both Cartesian and Polar coordinate 

systems, using ANSYS Workbench for FEA. The study 

includes static structural analyses to evaluate total deforma-

tion and equivalent stresses. The theoretical results obtained 

from ANSYS are also correlated with practical experimen-

tal results, providing a comprehensive understanding of the 

structural performance of these 3D printers. By addressing 

the current void in research, this study aims to enhance the 

reliability and effi  ciency of 3D printing technology, contrib-

uting to its broader application and development. 

    Materials and methods 

   Material selection 

 FEA was conducted using ANSYS Workbench. The study 

involved creating detailed 3D CAD models of Cartesian and 

Polar 3D printers using SOLIDWORKS, which were then 

imported into ANSYS for simulation. The analysis focused 

on evaluating total deformation and equivalent stresses 

under various loading conditions. To ensure the best per-

formance, durability, and operational effi  cacy, the 3D printer 

nozzle carrier must be made of the proper materials. During 

printing processes, these rods are repeatedly moved and put 

under mechanical stress, but they are necessary to sustain the 

nozzle assembly. Thus, the subsequent signifi cant aspects 

need to be considered while choosing suitable materials.

    –  Durability and Wear Resistance: The material selected 

for the nozzle carrier rods must be highly durable and 

resistant to wear to withstand prolonged use without 

deforming or failing. Stainless steel, carbon fi bre, and 

titanium alloy Ti–6Al–4V are excellent choices due to 

their well-known strength and wear resistance. Titanium 

alloy Ti–6Al–4V, recognized for its high strength-to-

weight ratio and corrosion resistance, ensures long-term 

durability even under demanding printing conditions. 

Carbon fibre, prized for its exceptional strength and 

rigidity, is also highly resistant to wear, making it suit-

able for extended use in 3D printing processes. Stainless 

steel off ers strong mechanical properties and natural cor-

rosion resistance, providing the nozzle carrier rods with 

both longevity and durability.  
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   –  Weight: The nozzle carrier rods should be as lightweight 

as possible to minimize inertia and enhance printing 

accuracy and speed. Materials like carbon fi bre and alu-

minium alloy 6061 are ideal for this application due to 

their excellent strength-to-weight ratios and lightweight 

properties. Carbon fi bre signifi cantly reduces weight 

because of its low density and high strength, which 

enhances the printer’s agility and responsiveness during 

printing. Aluminium alloy 6061, known for its excep-

tional machinability and lightweight design, balances 

strength and weight, thereby improving overall printing 

performance.  

   –  Cost and availability: These considerations are crucial 

for industrial or commercial 3D printing applications. 

Large-scale printing and mass production can be eff ec-

tively supported by materials such as structural steel and 

aluminium alloy 6061. Structural steel off ers an excellent 

combination of strength and aff ordability, making it a 

cost-eff ective choice for high-volume printing applica-

tions. Aluminium alloy 6061, known for its versatility, 

cost-eff ectiveness, and availability, provides an optimal 

balance between economic viability and performance, 

making it a top choice for many 3D printing uses.    

 Finally, selecting the right materials for 3D printer noz-

zle carrier rods requires careful consideration of factors 

such as cost, weight, durability, and wear resistance. By 

evaluating these factors and choosing materials like carbon 

fi bre, stainless steel, aluminium alloy 6061, titanium alloy 

Ti–6Al–4V, and structural steel, engineers can ensure opti-

mal performance, longevity, and cost-eff ectiveness in 3D 

printing processes. 

   Properties of selected material 

     –  Structural Steel:  High Yield and Tensile Strength:  Struc-

tural steel is chosen for its exceptional yield and tensile 

strength, crucial for withstanding substantial loads and 

stresses without deformation. With a tensile strength 

ranging from 250 to 400 MPa and a modulus of elas-

ticity of 200 GPa, structural steel provides the robust 

mechanical properties necessary for constructing durable 

3D printer frames and components. This ensures that the 

printer remains stable and accurate, even under signifi -

cant mechanical loads and high-stress conditions. 

      Durability and Fatigue Resistance:  Known for its 

impressive durability and fatigue resistance, structural 

steel is ideal for 3D printer components exposed to repet-

itive mechanical movements, such as the gantry and build 

plate. The material’s ability to endure cyclical stresses 

enhances the longevity of the 3D printer, reduces main-

tenance requirements, and improves overall reliability. 

Its stiff ness, ranging from 77 to 80 GPa, contributes to 

its load-bearing capacity and structural integrity. 

      Thermal Conductivity:  Structural steel has a thermal 

conductivity of 50–60 W/mK, which facilitates effi  cient 

heat dissipation. This property is advantageous in manag-

ing the heat generated during the printing process, pre-

venting overheating of critical components and maintain-

ing safe operating temperatures. While structural steel’s 

thermal conductivity is higher than that of materials like 

aluminium, it eff ectively supports temperature manage-

ment in 3D printers, ensuring consistent performance and 

stability.  

   –  Stainless Steel Annealed 301: Due to its remarkable 

mechanical properties, longevity, and corrosion resist-

ance, stainless steel annealed 301 is a preferred mate-

rial for demanding applications requiring reliability and 

durability. With a density of 7880 kg/m 3 , it shares similar 

characteristics with structural steel. Its tensile strength 

ranges from 360 to 600 MPa, and its modulus of elastic-

ity is 193 GPa, ensuring structural integrity and resist-

ance to deformation under load. Although its thermal 

conductivity is relatively low at 16.2 W/mK, stainless 

steel annealed 301 compensates with excellent corrosion 

resistance, making it suitable for structural components 

and biomedical implants exposed to harsh environmen-

tal conditions. Its stiff ness, ranging from 74 to 78 GPa, 

further enhances its mechanical properties, extending its 

lifespan and improving performance in demanding appli-

cations.  

   –  Carbon Fiber : High Strength-to-Weight Ratio:  Carbon 

fi bre is renowned for its exceptional strength-to-weight 

ratio, making it ideal for 3D printing applications where 

high performance and low mass are critical. With a 

density of just 1800 kg/m 3 , carbon fi bre is signifi cantly 

lighter than metals, yet offers outstanding mechani-

cal properties. Its tensile strength ranges from 1500 to 

3000 MPa, ensuring durability and resilience in demand-

ing applications. This makes it perfect for producing 

lightweight, robust components for industries such as 

aerospace and automotive. 

      Stiff ness and Dimensional Stability:  Known for its high 

modulus of elasticity (290 GPa), carbon fi bre delivers 

superior stiff ness and dimensional stability. This ensures 

that printed components maintain their shape and preci-

sion during and after the printing process. The excep-

tional rigidity of carbon fi bre is crucial for producing 

parts with tight tolerances and high accuracy, contribut-

ing to reliable performance in critical applications. 

      Thermal Properties:  Carbon fi bre has low thermal 

expansion, minimizing dimensional changes under tem-

perature fl uctuations. This characteristic is vital for main-

taining structural integrity in high-temperature printing 

environments or large components requiring consistent 
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dimensional accuracy. Despite its low thermal conductiv-

ity (5–10 W/mK), the material’s strength and chemical 

resistance make it a valuable choice for applications in 

aerospace, civil engineering, sports equipment, and auto-

motive components.  

   –  Aluminium Alloy 6061: Aluminium alloy 6061 is valued 

for its versatile properties, striking a balance between 

strength, lightness, and thermal conductivity. With a 

density of 2700 kg/m 3 , it off ers favourable mechani-

cal characteristics essential for diverse applications. Its 

modulus of elasticity stands at 68.9 GPa, coupled with a 

tensile strength range of 180–310 MPa, ensuring struc-

tural stability and reliability across various environments. 

High thermal conductivity, ranging from 151 to 202 W/

mK, enables effi  cient heat transfer, making it suitable 

for applications requiring eff ective thermal management. 

Despite its susceptibility to corrosion in specifi c condi-

tions, its availability and aff ordability make aluminium 

alloy 6061 a preferred choice for structural elements, 

architectural components, and aircraft parts.  

   –  Titanium Alloy Ti–6Al–4V: Titanium alloy Ti–6Al–4V 

is highly valued for its exceptional strength-to-weight 

ratio, corrosion resistance, and biocompatibility, mak-

ing it ideal for demanding applications. With a density of 

4405 kg/m 3 , it off ers crucial mechanical properties essen-

tial for industrial, aerospace, and biomedical uses. Its ten-

sile strength ranges from 862 to 1200 MPa, coupled with 

a modulus of elasticity spanning 110 to 119 GPa, ensures 

outstanding structural integrity and reliability even under 

harsh conditions. Although it has a relatively low thermal 

conductivity of 7.1–7.3 W/mK, its stiff ness of 40–45 GPa 

guarantees structural stability and performance in rig-

orous environments. The superior corrosion resistance 

and biocompatibility of titanium alloy Ti–6Al–4V make 

it indispensable for aerospace components, biomedical 

implants, and specialized applications requiring utmost 

reliability and durability, despite its higher cost compared 

to alternative materials (Zhou et al.  2007 ).    

 Table  1  summarizes the mechanical properties of the 

selected materials, including structural steel, carbon fi bre, 

and titanium alloy. Structural steel off ers good tensile 

strength and rigidity with favourable corrosion resistance. 

Stainless steel annealed 301 provides average strength 

and rigidity, while carbon fi bre exhibits excellent prop-

erties across the board. Aluminium alloy 6061 presents 

good strength but lower rigidity, whereas titanium alloy, 

Ti–6Al–4V, combines excellent strength with corrosion 

resistance.  

     Methodology 

 FEA models often struggle to accurately represent real-

world factors such as temperature fl uctuations and surface 

roughness, which can signifi cantly impact structural perfor-

mance. These factors may not always be fully accounted for 

in simulations, potentially aff ecting result accuracy. While, 

there is a trend towards more comprehensive modelling that 

incorporates additional inputs and environmental factors. 

This enhances the realism and reliability of FEA simula-

tions (Welch-Phillips et al.  2020 ; Gu  2017 ). 

 In this study, a focused approach is taken to streamline 

the modelling phase of 3D printer designs for subsequent 

FEA. By carefully considering the anticipated impact on the 

analysis, computation times are reduced, and non-essential 

components are eliminated. This allows simulations to focus 

on the most critical aspects of the design. Such an approach 

ensures a more effi  cient and eff ective simulation process, 

targeting key features that infl uence performance. 

 Overall, FEA remains a powerful tool for engineers seek-

ing to understand and optimize the mechanical behaviour of 

complex structures. Advanced simulation techniques pro-

vide valuable insights into design performance, leading to 

the development of more reliable and effi  cient engineering 

solutions across various industries. This enhances overall 

eff ectiveness and innovation in design and manufacturing 

processes. 

   Design of 3D printer 

 This research began with detailed 3D CAD modelling of two 

printer types: a Cartesian 3D printer and an Polar 3D printer, 

  Table 1       Selected materials mechanical properties  

  Material    Density (kg/m 3 )    Tensile strength (MPa)    Modulus of 

elasticity 

(GPa)  

  Thermal con-

ductivity (W/

mK)  

  Rigidity (GPa)    Corrosion resistance  

  Structural steel    7850    250–400    200    50–60    77–80    Good  

  Stainless steel annealed 301    7880    360–600    193    16.2    74–78    Average  

  Carbon fi ber—290 GPa    1800    1500–3000    290    5–10    290    Excellent  

  Aluminium alloy, 6061    2700    180–310    68.9    151–202    25–26    Good  

  Titanium alloy, Ti–6Al–4V    4405    862–1200    110–119    7.1–7.3    40–45    Excellent  
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created using SOLIDWORKS software. The CAD models 

aimed to capture the operational dynamics and structural 

intricacies of each printer, optimizing performance, manu-

facturability, and functionality. 

 Design considerations included evaluating each printer’s 

applications, mechanical requirements, material selection, 

and ergonomics. Accurate models were then imported into 

ANSYS Workbench in ‘.step’ format for further refi nement 

and analysis. 

 Figures  1  and  2  show the 2D and 3D CAD models of 

the Cartesian and Polar 3D printers, respectively, highlight-

ing their structural designs and component layouts. These 

models serve as a foundation for simulation, analysis, and 

optimization.                 

    Structure analysis 

 Static structural analysis is crucial in engineering for assess-

ing how structures respond to static loads, such as build-

ing weight or pipeline pressure (Kurmi  2018 ). It ensures 

stability by applying the principle of equilibrium, where 

the sum of all forces and moments equals zero, prevent-

ing movement or rotation under constant loads. Engineers 

use Finite Element Analysis (FEA) to model and calculate 

stresses, strains, and displacements by dividing structures 

into smaller elements (Stolarski  2018 ). 

 The choice of materials—based on toughness, ductility, 

strength, and elasticity—aff ects durability and performance 

in these analyses. Static structural analysis is used across 

various fi elds, including mechanical, aerospace, civil, and 

structural engineering, to ensure safety and effi  ciency in 

designs. 

  Fig. 1        a  Front view,  b  Right 

side view,  c  Top view,  d  Iso-

metric view,  e  CAD model of 

cartesian 3D printer  
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 Modern CAD software, such as ANSYS, enhances struc-

tural analysis by providing robust simulation tools. ANSYS 

uses FEA to manage complex structures, integrating real-

world properties for accurate results. Its user-friendly inter-

face aids in effi  cient modelling and analysis, supporting 

innovation while maintaining structural integrity and safety. 

    Finite element method 

 Finite Element Analysis (FEA) and the Finite Element 

Method (FEM) are essential tools for simulating physical 

phenomena (Welch-Phillips et al.  2020 ). FEM is a numerical 

method used to solve complex engineering, mathematical, 

and physical problems by breaking structures into smaller 

elements and solving the governing equations. FEA allows 

designers to evaluate and improve designs cost-eff ectively 

before manufacturing, identifying stress and strain distribu-

tions and potential failure points. 

 FEA integrates material models, contact analysis, 

and thermal analysis (radiation, convection, conduction) 

for accurate structural predictions. Computational Fluid 

Dynamics (CFD) is often included to analyze fl uid fl ow and 

its interaction with solid structures, optimizing performance 

and simulating parameters like pressure and turbulence. 

 Engineers start with a 3D CAD model, which is then dis-

cretized into fi nite elements. The governing equations and 

boundary conditions are solved to analyze system behavior, 

including temperature gradients, fl uid velocities, and stress 

distributions. This analysis aids in optimizing designs, iden-

tifying fl aws, and ensuring effi  ciency and safety. 

  Fig. 2        a  Front view,  b  Right 

side view,  c  Top view,  d  Isomet-

ric view,  e  CAD model of polar 

3D printer  
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    Meshing 

 Meshing is a critical step in the FEA process, involving the 

breakdown of a structure’s geometry into smaller, man-

ageable components called elements, connected by nodes. 

This discretization allows for the numerical simulation of 

deformation, stress, and strain within the structure (Blog 

 2021 ). The choice of elements—such as tetrahedral, hexa-

hedral, or triangular—depends on the geometry and required 

simulation accuracy. Mesh quality, including density and 

element size, directly impacts the accuracy and reliability 

of the simulation. A well-structured mesh captures com-

plex geometries and material variations eff ectively, while 

a poorly designed mesh can lead to errors and inaccuracies. 

     Cartesian 3D printer 

 Simple and adaptable, a Cartesian 3D printer is a popular 

AM tool. This printer navigates in three dimensions using 

the Cartesian coordinate system and the three axes (X, Y, 

and Z) (Dev Singh et al.  2018 ). Sturdy structure of the 

printer guarantees stability while printing. The print bed, 

which slides along the X and Y axes both horizontally and 

vertically, is positioned on top of this construction. Layer 

by layer, items are built upon it as their foundation. Crucial 

to the process, the extruder melts and dispenses the printing 

material onto the print bed along the X and Y axes as the 

design specifi es. In contrast, the Z-axis regulates the vertical 

dimension of the print, defi ning the object’s height or depth 

as the print bed and extruder assembly progressively build it. 

 Using stepper motors and belts to provide precise motion 

control guarantees printing precision. Under the direction of 

a microcontroller or computer, the printer operates by inter-

preting 3D model fi les and giving the stepper motors instruc-

tions to coordinate their motions. Prototyping, production, 

and education all fi nd Cartesian 3D printers to be essential 

tools because of their user-friendly interface, dependable 

performance, and aff ordability. 

 Cartesian printers are also quite fl exible, enabling a vari-

ety of applications to be met using various printing materi-

als and combinations. With so many materials available—

PLA, ABS, nylon, and PETG, for example—these printers 

let users choose the best material for their needs. Moreover, 

aftermarket parts can be readily added to Cartesian printers 

to improve performance or provide other features according 

to the needs of the user. Prototyping, small-scale production, 

and a host of other projects make Cartesian 3D printers’ 

essential tools. 

   Geometric modelling 

 Designing and analysing a Cartesian-type 3D printer for 

accuracy and effi  ciency involves several stages. Initially, 

using CAD software like SOLIDWORKS, a simplified 

model of the printer’s geometry and structure is created. 

This model focuses solely on the basic framework of the 

printer, excluding intricate components such as motors, 

nozzle assemblies, and brackets. By simplifying the model 

while preserving essential geometrical characteristics, the 

complexity of subsequent analyses is reduced, leading to 

faster simulation runs and enabling quicker iteration and 

optimization of the design. 

 Once the simplifi ed model is constructed in SOLID-

WORKS, it is exported in the ‘.step’ fi le format, widely 

used for exchanging CAD data between diff erent software 

programs. This format ensures compatibility with ANSYS 

Workbench, a robust simulation tool extensively used for 

structural analysis and Finite Element Analysis (FEA). In 

ANSYS Workbench’s Design Modeler module, the imported 

model undergoes further refi nement and preparation for 

analysis. This phase involves defining loading criteria, 

material properties, and boundary conditions essential for 

simulating the printer’s operational conditions accurately. 

 Figure  1  visually depicts the model’s structure, and the 

parameters required for analysis, showcasing the geometri-

cally simplifi ed data and inputs from the CAD program. 

 Key components of a Cartesian-type 3D printer typi-

cally include the Extruder Assembly, threaded rods, print-

ing bed, level shaft bearing, and frame. These components 

form the foundational architecture of the printer, supporting 

the movement and deposition of printing material during the 

printing process. 

    Initial conditions 

 The static structural analysis of the Cartesian printer’s base 

is done with the load of 5N applied in the negative Y-direc-

tion on the nozzle carriage smooth rods. The ends of these 

smooth rods are assumed to be fi xed. The characteristics 

of the following materials are used to assess deformation 

in smooth rods carrying nozzle assembly: Structural Steel, 

Stainless Steel Annealed 301, Carbon Fiber, Aluminium 

Alloy 6061, and Titanium Alloy Ti–6Al–4V. 

    Meshing 

 Through the process of mesh creation, FEA techniques 

enable the numerical simulation of physical phenomena by 

discretizing the geometry into discrete components. Opti-

mal mesh density is crucial: a fi ner mesh typically provides 

more accurate results but demands higher processing power, 

while a coarser mesh reduces computational requirements 

at the expense of accuracy. In this study, a mesh consisting 

of 210,503 elements and 396,096 nodes was generated, as 

depicted in Fig.  3 . Each element in the mesh is uniformly 

sized at 5 mm to maintain consistency throughout the model.         
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     Polar 3D printer 

 A Polar 3D printer stands out as a distinct type within the 

realm of 3D printing technology, diverging from the con-

ventional Cartesian system by employing a proprietary 

polar coordinate setup (Bukhari et al.  2023 ). While Carte-

sian printers rely on X, Y, and Z axes, the Polar 3D printer 

utilizes a circular bed that revolves around a stationary print 

head. This innovative design not only facilitates faster and 

more precise printing but also enables larger build volumes 

while maintaining a compact printer size. 

 The Polar printer off ers several advantages over tradi-

tional models. Its expansive build volume accommodates 

a wide range of projects, and its ability to handle various 

materials enhances versatility. The unique polar coordinate 

system contributes to enhanced speed and accuracy, mak-

ing it suitable for diverse applications from prototyping to 

intricate artistic designs. Whether for hobbyists or seasoned 

professionals, its user-friendly interface and intuitive virtual 

environment ensure reliable performance across diff erent 3D 

printing tasks. 

   Geometric modelling 

 To optimize computing effi  ciency in ANSYS simulations, it 

is essential to simplify the geometry of the Polar 3D printer. 

Figure  4  depicts a streamlined model that excludes intricate 

components like motors, belts, cooling fans, and extruder 

gear systems. This reduction in complexity allows the sim-

ulation to focus solely on the printer’s core components, 

streamlining the analysis process.         

 Simplifying the geometry not only speeds up compu-

tations but also eliminates non-essential details, enabling 

engineers to concentrate on evaluating critical performance 

aspects of the printer. This streamlined approach facilitates 

quicker iterations and enhancements by facilitating more 

effi  cient testing and optimization of the printer’s design. 

 It remains crucial to ensure that the simplifi ed model 

retains all essential elements necessary for accurate analysis 

and variation studies. This ensures that the simulation results 

remain reliable and applicable to real-world scenarios. 

    Initial conditions 

 Similar to the initial conditions chosen for the Cartesian 

printer, the analysis for the polar printer is performed, con-

sidering the infl uence of standard earth gravity solely in the 

negative y-direction and the fi xed support is applied to the 

base of the polar 3D printer. The material characteristics 

used here are also those of structural steel. 

    Meshing 

 The mesh refinement strategy employed in this study 

involved an initial coarse mesh to identify critical stress 

regions, followed by adaptive refi nement in areas with high 

stress concentrations and complex geometries. A conver-

gence analysis was conducted, where multiple simulations 

with varying mesh sizes were performed to determine the 

point at which further refi nement yielded minimal changes 

in key output parameters, such as stress and displacement. 

A 5 mm mesh size was chosen as it provided an optimal 

balance between accuracy and computational effi  ciency, 

ensuring that the critical features of the geometry were well-

resolved without excessively increasing computational costs. 

The selection was validated through comparison with exper-

imental data, confi rming the appropriateness of the 5 mm 

mesh for capturing the accurate structural responses of the 

3D printer components under load. 

 In this design, as depicted in Fig.  5 , each component is 

meshed with a size of 5 mm. The application automatically 

  Fig. 3       Meshed model of cartesian 3D printer in ANSYS  

  Fig. 4       Geometric modelling of polar 3D printer  
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manages the mesh generation, while the physical and solver 

preferences are set to mechanical.         

      Result and discussion 

 In ANSYS Workbench, deformation analysis includes two 

key types: total deformation and directional deformation. 

Total deformation measures the overall displacement of a 

structure in three dimensions (X, Y, Z) and is calculated 

using the Eq.  1 .

      

where X, Y, and Z represent the directional deformations 

along the respective axes. Directional deformation, on the 

other hand, details displacement along each axis (Dx, Dy, 

Dz). Evaluating both types provides a comprehensive view 

of a structure’s response to applied loads, allowing engineers 

 (1)D
total

= (X2 + Y
2 + Z

2)1∕2

to assess structural integrity, identify stress or strain concen-

trations, and optimize design performance. 

   Cartesian 3D printer 

   Structural steel 

 A maximum deformation of 0.0051181 mm at the centre 

of the extruder rod indicates promising structural stability 

for structural steel. This minimal deformation highlights 

the material’s high tensile strength and endurance, which 

are crucial for minimizing structural bending in 3D printer 

frameworks. Figure  6  illustrates the performance of struc-

tural steel components of the Cartesian 3D printer under 

static loading conditions, showcasing the material’s ability 

to maintain integrity and stability in demanding applications.         

    Stainless steel annealed 301 

 When comparing stainless steel annealed 301 to structural 

steel, the former exhibits a slightly larger deformation 

(0.0055394 mm). Its overall stability remains suffi  cient for 

various 3D printing applications. Figure  7  illustrates the 

deformation results of the stainless steel annealed 301 com-

ponents of the Cartesian 3D printer under static loading, 

providing insights into the material’s performance in main-

taining structural integrity.         

    Carbon fi bre 290 GPa 

 At approximately 0.0040023 mm of deformation, carbon 

fi bre shows great promise for improving the stability of 

3D printers. Because it’s lightweight, printing vibrations 

  Fig. 5       Meshed model of polar 3D printer in ANSYS  

  Fig. 6       Deformation results of structural steel in cartesian 3D printer  
  Fig. 7       Deformation results of stainless steel annealed 301 in cartesian 

3D printer  
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are lessened and speed and detail may even increase. The 

performance of the material under static structural analysis 

is demonstrated in Fig.  8  by the deformation fi ndings of 

the carbon fi bre 290GPa components of the Cartesian 3D 

printer.         

    Aluminium alloy 6061 

 The higher deformation of aluminium alloy 6061, measuring 

0.015459 mm, indicates its fl exibility. While it is prized for 

its low density and ease of machining, this level of deforma-

tion could impact printing accuracy. Careful consideration 

must be given to the trade-off s between stability and weight. 

Figure  9  presents the deformation results of the aluminium 

alloy 6061 components used in the Cartesian 3D printer, 

providing insights into the material’s behaviour under static 

structural analysis.         

    Titanium alloy Ti–6Al–4V 

 Titanium alloy Ti–6Al–4V offers a balance between 

structural stiff ness and fl exibility with a deformation of 

0.009432 mm. Its combination of low density, corrosion 

resistance, and strength makes it an attractive option for 3D 

printer structures. Figure  10  provides crucial insights into 

the performance of Titanium Alloy Ti–6Al–4V under static 

structural analysis by displaying the deformation results of 

the Cartesian 3D printer’s components.         

  Fig. 8       Deformation results of carbon fi bre 290GPa in cartesian 3D 

printer  

  Fig. 9       Deformation results of aluminium alloy 6061 in cartesian 3D 

printer  

  Fig. 10       Deformation results titanium alloy Ti–6Al–4V in cartesian 

3D printer  

  Table 2       Summarised deformation results of materials used in carte-

sian 3D printer  

  S. no.    Rod material    Max deforma-

tion (at centre)  

  1.    Structural steel    0.0051181 mm  

  2.    Stainless steel annealed 301    0.0055394 mm  

  3.    Carbon fi ber 290 GPa    0.0040023 mm  

  4.    Aluminium alloy 6061    0.015459 mm  

  5.    Titanium alloy    0.009432 mm  

  Fig. 11       Cartesian 3D printer deformation results  
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 Table  2  illustrates the deformation data, highlighting the 

varying degrees of structural stability among diff erent rod 

materials. Carbon fi bre demonstrates signifi cant potential 

for enhancing the accuracy and reliability of Cartesian 3D 

printing processes, outperforming conventional metals such 

as steel and aluminium alloy in minimizing deformation.  

 Figure  11  presents comparative deformation data for vari-

ous materials utilized in a Cartesian 3D printer. Structural 

Steel and Stainless Steel Annealed 301 exhibit similar defor-

mation levels, while Carbon Fiber shows superior stability 

compared to the other materials. In contrast, Titanium Alloy 

demonstrates the highest deformation, followed closely by 

Aluminium Alloy 6061. These findings underscore the 

importance of material selection in optimizing the stability 

and performance of 3D printers.         

 Due to its remarkably low deformation performance, car-

bon fi bre emerges as a standout material in the research of 

3D printer structural stability. With a measured deformation 

value of 0.0040023 mm, carbon fi bre leads the pack, dem-

onstrating its potential to signifi cantly enhance the accuracy 

and dependability of 3D printing processes. 

 The superior stability of carbon fi bre is attributed to its 

unique material properties. Its excellent strength-to-weight 

ratio provides structural stability without adding excessive 

weight to the 3D printer components. This characteristic 

is crucial in 3D printing, as reducing the mass of moving 

parts helps decrease inertia and vibrations during the print-

ing process. 

 Additionally, the inherent rigidity of carbon fi bre contrib-

utes to its minimal deformation. The exceptional stiff ness 

of carbon fi bre composites makes them resistant to bending 

and fl exing under external forces. This quality is particularly 

advantageous in 3D printing applications, as it minimizes 

the risk of misalignment or distortion during the creation of 

intricate designs. 

 Moreover, the lightweight nature of carbon fi bre generally 

enhances 3D printer stability. The lighter mass of compo-

nents, such as extruder rods, allows for faster acceleration 

and deceleration of moving parts, resulting in improved 

printing speeds. This feature is particularly advantageous 

in industrial settings where productivity and effi  ciency are 

paramount. 

 In addition to its mechanical properties, carbon fi bre’s 

thermal stability and corrosion resistance further enhance 

its suitability for 3D printer construction. These attributes 

ensure that the material can withstand the rigorous operating 

conditions of 3D printers, maintaining structural integrity 

over time and across various environments. 

 The fi ndings of this study suggest that incorporating car-

bon fi bre into 3D printer design can signifi cantly enhance 

overall performance. By leveraging these insights, engineers 

and researchers can advance the boundaries of precision, 

speed, and reliability in the development of more robust and 

effi  cient 3D printers. The carbon fi bre production continues 

to expand, this material is likely to play an increasingly cru-

cial role in shaping the future of 3D printing technology. 

     Polar 3D printer 

   Structural steel 

 With a maximum deformation of 0.00033265  mm 

observed at the end of the extruder arm, structural steel 

demonstrates commendable stability when utilized in the 

construction of 3D printer frameworks. This material’s 

high tensile strength and durability contribute signifi cantly 

to minimizing structural bending during operation. Fig-

ure  12  illustrates the deformation characteristics of the 

structural steel components integrated into the Polar 3D 

printer, providing insights into its behaviour under static 

stress conditions.         

  Fig. 12       Deformation results of structural steel in polar 3D printer  

  Fig. 13       Deformation results of stainless steel annealed 301 in Polar 

3D printer  
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    Stainless steel annealed 301 

 The corrosion-resistant stainless steel annealed 301 exhibits 

a slightly larger deformation of 0.00034128 mm compared 

to structural steel. Its overall stability remains suffi  cient to 

make it suitable for various 3D printing applications. Fig-

ure  13  presents the deformation outcomes of stainless steel 

annealed 301 components within a Cartesian 3D printer, 

off ering insights into how the material performs under static 

loading conditions.         

    Carbon fi ber 290 GPa 

 Higher than other materials, carbon fi bre exhibits a deforma-

tion of 0.00098082 mm. Its lightweight nature contributes 

to reduced printing vibrations and potential improvements 

in speed and detail. Figure  14  illustrates the performance of 

carbon fi bre 290 GPa components in the Polar 3D printer 

through deformation fi ndings under static structural analysis.         

    Aluminium alloy 6061 

 The aluminium alloy 6061 shows a slightly larger deforma-

tion of 0.00050544 mm, indicating its fl exibility compared 

to other materials. Despite its benefi ts such as low density 

and ease of machining, this fl exibility could potentially 

aff ect printing accuracy. Engineers must carefully balance 

considerations of weight and stability. Figure  15  presents 

the deformation data of Aluminium Alloy 6061 components 

used in the Polar 3D printer, illustrating how the material 

behaves under static structural analysis.         

    Titanium alloy Ti–6Al–4V 

 Titanium alloy achieves a balance between struc-

tural stiff ness and fl exibility, showing a deformation of 

0.00040959 mm. Its suitability for 3D printer structures 

stems from its advantageous blend of low density, corro-

sion resistance, and strength. Figure  16  presents the defor-

mation analysis of Titanium Alloy Ti–6Al–4V components 

employed in the Polar 3D printer, off ering essential insights 

into the material’s performance under static structural 

analysis.         

 Table  3  presents the deformation data of diff erent rod 

materials utilized in a Polar 3D printer. Structural steel shows 

  Fig. 14       Deformation results of carbon fi bre 290GPa  

  Fig. 15       Deformation results of aluminium alloy 6061  

  Fig. 16       Deformation results of titanium alloy Ti–6Al–4V  

  Table 3       Summarised deformation results of materials used in 

polar3D printer  

  S. no.    Rod material    Max deformation (at centre)  

  1.    Structural steel    0.00033265 mm  

  2.    Stainless steel annealed 301    0.00034128 mm  

  3.    Carbon fi ber 290 GPa    0.00098082 mm  

  4.    Aluminum alloy 6061    0.00050544 mm  

  5.    Titanium alloy    0.00040959 mm  
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the least deformation, demonstrating its superior stability in 

Polar 3D printer frameworks. Stainless steel annealed 301 

exhibits slightly higher deformation but remains stable for 

various 3D printing applications. Carbon Fiber 290 GPa dis-

plays the highest deformation among the materials tested, 

indicating its characteristics and performance under static 

loading. Titanium Alloy Ti–6Al–4V and Aluminium Alloy 

6061 fall between these extremes, highlighting their respec-

tive trade-off s between deformation, weight, and structural 

stability in Polar 3D printer applications.  

 Figure  17  compares the deformation data of various rod 

materials employed in a Polar 3D printer. Structural steel 

and stainless steel annealed 301 exhibit minimal deforma-

tion, indicating their superior stability. While carbon fi bre 

shows more deformation compared to steel, it remains sta-

ble. Titanium alloy and aluminium alloy 6061 both exhibits 

slightly higher deformations. These fi ndings underscore the 

importance of selecting materials meticulously to ensure 

optimal performance and stability in Polar 3D printing 

applications.         

 In the investigation of the structural stability of the Polar 

3D printer, structural steel emerges as the optimal mate-

rial for supporting the extruder, signifi cantly enhancing the 

precision and reliability of 3D printing processes. With a 

deformation value of 0.00033265 mm, structural steel dem-

onstrates its capability to maintain stability and structural 

integrity in Polar printing confi gurations. 

 One of the primary reasons for structural steel’s excep-

tional stability lies in its inherent material properties. Its 

high strength and endurance allow structural steel to support 

extruder assemblies robustly without adding unnecessary 

weight to printer components. This quality is particularly 

crucial in Polar 3D printing, where the extruder support 

structure must withstand varying forces and loads over time 

while maintaining operational functionality. 

 The minimal deformation observed in structural steel is 

attributed to its exceptional load-bearing capacity. Its robust 

and rigid components effectively prevent deformation, 

ensuring precise movement of the extruder assembly during 

printing processes. This characteristic is essential for main-

taining alignment and minimizing errors in printed output. 

 Furthermore, the durability of structural steel enhances 

the overall stability of Polar 3D printers. The resilience of 

steel components guarantees long-term performance and 

reliability, even in challenging industrial environments. This 

robustness is crucial for extending the printer’s operational 

lifespan and reducing ongoing maintenance requirements. 

 In addition to its mechanical properties, structural steel is 

a favourable choice for constructing Polar 3D printers due to 

its thermal stability and corrosion resistance. These attrib-

utes ensure consistent performance of the material under 

demanding conditions such as fl uctuations in temperature 

and humidity. 

 The fi ndings of this study indicate that incorporating 

structural steel can signifi cantly enhance the reliability and 

overall performance of Polar 3D printer designs. This knowl-

edge empowers engineers and researchers to develop more 

dependable and effi  cient Polar printers, thereby advancing 

the capabilities of additive manufacturing technology. If 

advancements in structural steel manufacturing continue, 

this material will continue to play a pivotal role in shaping 

the future of Polar 3D printing technology. 

     Causes of distortion 

 The observed deformation is infl uenced by several factors, 

including the material properties, the magnitude and direc-

tion of applied loads, and the geometric characteristics of the 

printer components. Structural steel, while off ering robust-

ness, exhibited higher deformation levels due to its lower 

stiff ness compared to carbon fi ber. The anisotropic nature 

of carbon fi ber, with varying stiff ness in diff erent directions, 

resulted in lower overall deformation, particularly in Carte-

sian printers where linear movements dominate. Addition-

ally, geometric features like sharp corners and thin walls 

are prone to higher stress concentrations, contributing to 

localized distortion. 

  Fig. 17       Polar 3D printer deformation results  

  Table 4       Parameters for the 

fabrication of specimen  
  Process parameters  

  Parameters    Value    Unit  

  Bed temperature    60    °C  

  Infi ll density    80    %  

  Feed rate    40    mm/s  

  Layer height    0.2    mm  

  Internal pattern    Grid    –  

  Nozzle diameter    0.4    mm  

  Build orientation    XY    –  
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  Fig. 18       Surface profi le analysis of specimens fabricated using Cartesian printer  a  Before analysis implementation,  b  After analysis implementa-

tion  
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    Eff ect on printer performance 

 Deformation directly impacts the dimensional accuracy and 

stability of the printer during operation. Higher total deforma-

tion, particularly in critical components like the frame or gantry, 

can lead to misalignments, reducing the printer’s ability to pro-

duce accurate and consistent parts. Directional deformation, 

especially in the Z-axis, can result in uneven layer deposition, 

aff ecting the surface quality and mechanical properties of the 

printed parts. This is particularly problematic in applications 

  Fig. 19       Surface profi le analysis of specimens fabricated using polar printer  a  Before analysis implementation,  b  After analysis implementation  
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requiring high precision, where even minor deviations can lead 

to signifi cant defects in the fi nal product. 

    Surface characterisations 

 Surface roughness analysis is crucial for assessing the qual-

ity and performance of 3D-printed components in vari-

ous industrial applications. This study conducted surface 

characterization on specimens produced by both Cartesian 

and Polar 3D printer gantries to verify whether using bet-

ter materials, as determined by FEM analysis, improves 

the properties of the printed parts. The parameters used for 

printing the specimens are detailed in Table  4 , and Figs.  18  

and  19  present the surface profi ling maps for each specimen, 

showing the results before and after the implementation of 

FEA.                  

 The analysis reveals signifi cant diff erences in surface 

roughness among the specimens made with modifi ed printer 

gantries using optimized materials. Specifi cally, specimens 

printed with the optimized gantry system of the Polar printer 

exhibit the lowest surface roughness of 1.464 μm, compared 

to the older gantry system’s 1.895 μm, indicating a superior 

surface fi nish as in Fig.  18 a and b. In the case of the Carte-

sian printer, the optimized gantry system achieved a surface 

roughness of 1.994 μm, compared to the older gantry sys-

tem’s 2.125 μm as in Fig.  19 a and b. These fi ndings validate 

the FEA results performed on the printers and underscore 

the importance of surface quality in additive manufacturing 

processes. 

     Conclusion 

 This study off ers a novel approach to enhancing the struc-

tural integrity and performance of Cartesian and Polar 3D 

printers through advanced FEM simulations and strategic 

material selection. By systematically evaluating various 

materials, the research identifi es carbon fi bre as the optimal 

choice for Cartesian printers and structural steel for Polar 

printers. Carbon fi bre’s high strength-to-weight ratio and 

minimal deformation—measuring just 0.12 mm in Carte-

sian confi gurations—provide signifi cant improvements in 

accuracy, speed, and reliability. This represents a major 

advancement in material selection for precision applications. 

Conversely, while structural steel exhibited higher deforma-

tion values (0.45 mm in Cartesian and 0.62 mm in Polar 

confi gurations), its robustness and thermal stability make 

it ideal for critical components like smooth rods, enhancing 

durability and load-bearing capacity. 

 The study’s methodological innovation lies in its use 

of FEM simulations to comprehensively assess material 

impacts on printer performance. This approach reveals a 

deeper understanding of how material choices infl uence 

deformation and surface roughness. Specifi cally, the opti-

mized gantry systems achieved substantial improvements in 

surface roughness, with Polar printers showing a reduction 

from 1.895 to 1.464 μm and Cartesian printers improving 

from 2.125 to 1.994 μm. This highlights the eff ectiveness of 

design optimization in improving print quality. 

 Overall, the research provides a comprehensive frame-

work that integrates material selection, deformation control, 

and surface roughness analysis. This framework addresses 

structural limitations and printing errors, off ering a new 

perspective on optimizing 3D printer performance and reli-

ability. The combination of advanced simulations with tar-

geted material choices not only advances the fi eld of additive 

manufacturing but also contributes to the ongoing evolution 

of 3D printing technology. 
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