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Fused Deposition Modeling (FDM) 3D printing technology has revolutionized the
manufacturing industry by providing cost-effective and rapid prototyping solutions. However,
traditional FDM 3D printers are constrained by limited print volume and material compatibility.
This research focuses on the design and development of an experimental test bench and a large-
scale FDM 3D printer system, named INDRA, with an extended build volume of 500mm X
500mm X 500mm. The system addresses challenges associated with industrial-scale
prototyping, such as dimensional accuracy, material versatility, and structural stability. This
study details the design, mechanical components, software integration, and testing procedures
that contribute to the efficiency and feasibility of large-scale additive manufacturing.
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1. Introduction

Fused Deposition Modeling (FDM) has emerged as one of the most widely adopted additive
manufacturing technologies due to its cost-effectiveness, ease of use, and capability to
fabricate complex geometries. However, conventional FDM 3D printers are constrained by
limited print volume, restricting their application in industries requiring large-scale
components such as aerospace, automotive, and medical sectors [1]. Traditional FDM systems
typically support small to medium-scale prototyping, necessitating the assembly of multiple
printed parts to create larger structures, which introduces alignment errors, weak joints, and
increased post-processing time [2].

Several studies have attempted to scale up FDM technology to address these limitations.
Mohamed et al. [3] explored hybrid FDM techniques to enhance print accuracy, while Lee et
al. [4] developed an extended gantry system to accommodate larger prints. Despite these
advancements, challenges such as maintaining dimensional accuracy, structural rigidity, and
efficient thermal management persist in large-scale FDM printers. Additionally, the
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mechanical stability of the printer frame plays a critical role in preventing vibration-induced
defects during high-speed printing [5].

To overcome these challenges, this research presents the design and development of INDIRA,
a large-scale FDM 3D printer system with a S00mm % 500mm x 500mm build volume. The
printer incorporates a reinforced Cartesian frame, high-precision motion control, and an
optimized extrusion system to enhance printing accuracy and reliability. Unlike previous
systems that rely on expensive industrial-grade modifications, INDIRA provides a cost-
effective yet scalable solution tailored for industries requiring large-format 3D printing.

The contributions of this research include:
1. Development of an experimental test bench to assess large-scale FDM performance
metrics such as dimensional accuracy, layer bonding, and thermal stability.
2. Design of a reinforced mechanical system to minimize vibrations and enhance
structural stability during long-duration prints.
3. Implementation of an advanced extrusion mechanism with multi-material
compatibility to expand printing capabilities beyond conventional thermoplastics.

2. Related Work

Recent advancements in Fused Deposition Modeling (FDM) have focused on enhancing print
accuracy, material compatibility, and scalability for industrial applications. Traditional small-
scale FDM printers have limitations in dimensional stability and build volume, necessitating
new approaches for large-scale additive manufacturing [6]. Research in hybrid FDM-CNC
systems has demonstrated improved surface finish and geometric accuracy by integrating post-
processing within the printing workflow [7].

To address spatial constraints, Wang and Yamakawa [8] proposed a high-speed vision-based
control system that dynamically adjusts extrusion parameters, significantly improving layer
consistency in large-scale printing. Similarly, multi-nozzle extrusion techniques have been
explored to enhance print speed, but challenges related to layer bonding and inter-nozzle
synchronization remain unresolved [9]. Additionally, new material formulations such as
composite-infused thermoplastics are being developed to enhance mechanical properties in
large-format 3D printing applications [10].

Despite these advancements, structural stability, thermal control, and vibration damping
continue to be key challenges in scaling up FDM technology. The INDRA system, proposed
in this research, integrates reinforced mechanical design, high-precision motion control, and
an adaptive extrusion system to overcome these challenges while maintaining cost efficiency
and reliability.

Table 1: Literature on Large-Scale FDM 3D Printing
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Author(s) Year Key Focus Methodology Findings &
Limitations
Equbal et al.[11] 2024 | Dimensional Comparative Improved accuracy
accuracy in analysis of layer with optimized
large-scale adhesion & process parameters;
FDM surface roughness | requires high-speed
monitoring for
better results
Wang & 2024 | Vision-based Real-time Reduced warping
Yamakawa[12] precision feedback & Al- and improved layer
control in large | based extrusion consistency;
FDM control complex integration
with existing
hardware
Lee et al.[13] 2022 | Hybrid FDM- Integration of Enhanced finish
CNC printing post-processing quality; increased
for industrial CNC for surface | production time due
use refinement to additional CNC
steps
Zhang et al.[14] 2023 | Multi-nozzle Dual-extruder Higher print speed
extrusion for synchronization but encountered
high-speed with automated inter-layer bonding
FDM filament issues
switching
Patel &Singh[15] | 2023 Material Composite- Increased tensile
innovation in infused strength; print head
large-scale thermoplastics for modifications
FDM improved needed for advanced
durability materials
Jones et al.[16] 2023 Thermal Heated chamber Minimized
management in with dynamic shrinkage and
large FDM temperature warping; energy-
printers regulation intensive solution
Ramachandran & | 2024 Structural Reinforced frame Improved print

Bose[17] stability in with vibration- stability; additional
large-format 3D damping cost for stronger
printing mechanisms frame materials
Kim et al.[18] 2022 Al-driven Machine learning Increased defect
defect detection | applied to real- detection accuracy;
in FDM time quality computationally
printing monitoring expensive for real-

time applications
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3D Printing 2024 | Industry trends | Market analysis | Growing interest in
Industry[19] in additive & future automation and Al
manufacturing directions for integration; high
large-scale FDM implementation
costs
Smith & 2023 Scalability Experimental Demonstrated
Johnson[20] challenges in study on large- feasibility of large-
FDM-based scale polymer scale polymer
construction printing printing; faced
challenges in print
time and material
consumption

Dimensional accuracy is improving with real-time feedback systems [12], but integration with
existing FDM hardware remains complex.Multi-nozzle and hybrid printing techniques have
increased speed [14], but inter-layer bonding issues persist.Material innovation is enhancing
mechanical properties [15], yet print head modifications are required for new
materials.Structural stability remains a key concern, with research exploring reinforced frames
and vibration control mechanisms [17].Al-driven quality monitoring is advancing defect
detection [ 18], but real-time implementation is computationally demanding.

3. Design Considerations

The mechanical design, extrusion system, and electronics/software of the INDRA large-scale
FDM 3D printer in a structured format. Following the table, a discussion highlights the
significance of these components and their impact on print quality and system performance

Table 2: Key Design Components of the INDRA Large-Scale FDM 3D Printer

Category Component Specifications & Relevance to Large-

Features Scale FDM Printing

Mechanical Print Volume 500mm x 500mm X Enables fabrication of
Design 500mm large prototypes without

assembly

Frame Material

Aluminum extrusions
(lightweight, rigid)

Reduces vibrations,
improves structural
stability

Motion System

Linear rails, lead screw-
driven actuators

Ensures high-precision
movement and
repeatability
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Extrusion Nozzle Variable (0.4mm to Allows for fine details and
System Diameter 1.2mm) high-speed extrusion
Filament PLA, ABS, PETG, Supports a wide range of
Compatibility Composite materials applications
Hot End & Ceramic heater Ensures consistent
Cooling cartridge, active cooling extrusion, prevents
system clogging
Electronics & Controller 32-bit Marlin firmware- | Provides smooth motion
Software based board control and real-time
adjustments
Stepper Motors | NEMA 24 (high torque, Enhances positional
1.2° step angle) accuracy for large builds
Bed Heating 500mm x 500mm Reduces warping and
aluminum heated bed improves adhesion
Software Cura (slicing), Optimized toolpath
Pronterface (direct generation, real-time
control) monitoring

3.1 Mechanical Design & Motion System

The INDIRA 3D printer features an aluminum extrusion frame, which enhances rigidity and
reduces vibrations, a key requirement for large-scale FDM printing. Research has shown that
frame rigidity significantly affects print precision, particularly in prints exceeding 500mm in
height [19]. The linear rail and lead screw-driven actuators improve motion smoothness and
reduce layer misalignment, ensuring dimensional accuracy comparable to industrial-grade
systems [20].

3.2 Extrusion System & Material Compatibility

The variable nozzle diameter (0.4mm to 1.2mm) enables a balance between detail resolution
and high-speed deposition, which is crucial for functional prototyping. Studies indicate that
multi-diameter extrusion nozzles enhance print efficiency by 30% while maintaining layer
adhesion strength [21]. Additionally, the INDIRA printer supports PLA, ABS, PETG, and
composite materials, expanding its applications to automotive, aerospace, and medical fields.
Recent advancements in thermoplastic composites have demonstrated improved mechanical
strength and thermal resistance, making them suitable for large-format FDM [22].The ceramic
heater cartridge combined with active cooling mechanisms minimizes thermal inconsistencies,
ensuring uniform filament deposition. Prior research indicates that temperature fluctuations in
FDM extrusion can lead to delamination and print failure, emphasizing the importance of an
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optimized heating and cooling system [23].

Figure 1: Model of large-scale 3D printer-Isometric view of the system

3.3 Electronics & Software Integration

The 32-bit Marlin firmware-based controller provides real-time motion planning, reducing
print failures due to unexpected extrusion interruptions. Large-scale printers require high
torque stepper motors, such as NEMA 24, to prevent gantry sagging and misalignment, which
is particularly critical for long-duration prints [24]. The 500mm X 500mm heated bed
addresses warping issues, a major challenge in large-scale thermoplastic printing. Studies
show that uniform heating across large beds can reduce warp-induced stress by up to 40%
[25].The integration of real-time Al-based print monitoring enhances defect detection and
reduces material waste, a trend seen in modern industrial FDM systems [26].The INDRA
large-scale FDM 3D printer incorporates reinforced mechanical design, precision-controlled
extrusion, and advanced software integration to ensure scalability, accuracy, and reliability.
By addressing vibration control, material versatility, and thermal stability, it serves as an
efficient solution for industrial additive manufacturing applications.

4. Experimental Setup and System Components

To validate the performance of the INDRA large-scale FDM 3D printer, various test prints
were conducted using PLA and ABS filaments. The objective of these tests was to evaluate
key material properties and ensure that the printer meets industrial standards for dimensional
accuracy, layer adhesion, and warping resistance.

5. Composition of PLA Material

Polylactic acid (PLA) is a bioplastic made from repeating monomers having the chemical
formula C3H402. Chemically, PLA is made from lactic acid molecules. The lactic acid is
fermented from plant matter under precisely controlled conditions.
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Figure 2: Picture of PLA Material in Filament form.

Table 3: Experimental Setup and System Components of the INDRA Large-Scale FDM
3D Printer

Property PLA (Polylactic ABS (Acrylonitrile Butadiene
Acid) Styrene)

Dimensional Accuracy | £0.03mm +0.05mm

Ultimate Tensile 51 MPa 42 MPa

Strength (MPa)

Elongation (%) ~4% ~8% (higher flexibility)

Warping Low (0.2mm edge Moderate (0.6mm edge lift, requires
lift) heat management)

Best Applications High-precision parts, | Functional, impact-resistant
models prototypes

The material testing and calibration results confirm that the INDRA printer maintains high
precision and mechanical reliability in large-scale FDM applications. PLA delivers superior
dimensional stability, making it ideal for engineering prototypes and detailed models.
Meanwhile, ABS offers better impact resistance but requires optimized temperature control to
counteract warping and shrinkage. Future work will explore multi-material extrusion and
reinforced composites to further enhance mechanical performance.
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5.1 Performance Evaluation
The INDRA large-scale FDM 3D printer outperforms industry standards in precision, speed,
and build volume, making it ideal for industrial applications such as turbine blades and

automotive parts.

Table 3: Performance Evaluationof the INDRA Large-Scale FDM 3D Printer

Parameter INDRA Industry Interpretation
Printer Standard

Layer Resolution 50 -200 um | 100 — 300 pm Higher precision for fine detailing

Dimensional +0.05 mm +0.1 mm Greater accuracy for tight
Accuracy tolerances

Max Print Speed 150 mm/s 100 mm/s Faster production cycles

Build Volume 500mm? 300mm? Larger print capacity, reducing

part assembly

The INDRA large-scale FDM 3D printer offers superior resolution, accuracy, speed, and build
volume, making it highly suitable for precision industrial applications. With a layer resolution
as fine as 50 pm, the printer ensures detailed surface finishes and intricate geometries, which
are essential for engineering prototypes and functional components. The dimensional accuracy
of £0.05 mm enhances part reliability, ensuring that fabricated models meet tight tolerances
required in automotive, aerospace, and medical industries. Additionally, the maximum print
speed of 150 mm/s significantly improves productivity without compromising print quality,
making it ideal for high-throughput manufacturing. Furthermore, the large 500mm?® build
volume enables the fabrication of full-scale industrial components in a single pass, reducing
post-processing, part assembly, and potential structural weaknesses.

6. Conclusion and Future Work

This study presents the design and development of INDRA, a large-scale FDM 3D printer
system capable of manufacturing industrial-scale prototypes with high accuracy and
efficiency. By integrating a rigid aluminum frame, advanced motion control, and multi-
material compatibility, the system successfully overcomes the limitations of small-scale
printers, enabling the fabrication of large, high-precision components in a single pass. The
results confirm that INDRA offers a cost-effective and scalable solution for industrial additive
manufacturing, making it suitable for aerospace, automotive, and healthcare
applications.Future advancements will focus on enhancing the printer’s capabilities through
multi-extrusion support, allowing simultaneous material deposition for complex multi-

Nanotechnology Perceptions 20 No. 8 (2024) 359-368



Design And Implementation Of An ... Mohit Chouhan, et al. 367

material prints. Additionally, the integration of Al-driven print monitoring will enable real-
time defect detection and quality assurance, improving print reliability and efficiency. Further,
IoT-enabled features will be explored to provide remote access and control, facilitating
seamless monitoring and operation in industrial settings.
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