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Abstract

This paper presents the design, construction, and calibration of a modular low-cost 3D
printer based on open-source technologies, developed as part of an academic research
project. The printer utilises fused filament fabrication (FFF) and is built using locally avail-
able materials and components, including a T-slot aluminium frame, NEMA 23 stepper
motors, and an Arduino Mega 2560 with RAMPS 1.4 control board. The system integrates
Marlin firmware and CURA slicing software, enabling autonomous operation via an LCD
panel and encoder interface. A detailed methodology is provided for mechanical assem-
bly, electronic integration, firmware configuration, and calibration procedures. Special at-
tention is given to the challenges encountered during the initial testing phase, including
filament feeding issues, thermal inconsistencies, and mechanical misalignments. Solu-
tions such as replacing inadequate components (e.g., fibreglass bushings with PTFE), ad-
justing spring tension, and refining firmware parameters are discussed. The results
demonstrate successful printing of complex geometries after iterative calibration, validat-
ing the printer’s performance and replicability. This work contributes to the democratisa-
tion of additive manufacturing by offering a replicable, open-source solution for educa-
tional and prototyping purposes. The findings are relevant to machine design, automa-
tion, and robotics communities seeking practical insights into low-cost fabrication sys-
tems.
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systems [2] and reaching up to USD 200,000 for soft-material printers [3], figures that ef-
fectively exclude laboratories, small enterprises, and rural communities. Although the
RepRap movement has promoted low-cost solutions, critical challenges remain in the con-
struction, calibration, and operation of these systems. For instance, Laplume et al. (2016)
report failure rates of up to 20% in open-source printers [4], while Khan et al. (2025)
demonstrate that technical errors can compromise geometric accuracy by as much as
3.34% [5]. Furthermore, studies by Keller et al. (2025) [6] and Jadayel (2024) [7] show that
insufficient calibration can lead to systematic errors of up to +150 pm, adversely affecting
print quality in complex geometries. However, work such as that of Ahmad et al. (2020)
[8] reinforced that additive manufacturing enables the accurate reproduction of complex
forms, such as anatomical structures, while reducing fabrication time and eliminating in-
termediate processing steps, underscoring its growing relevance in technical and educa-
tional applications. In this context, there is a clear need to document replicable technical
procedures that enable the construction and optimisation of low-cost modular 3D print-
ers, enhancing their functionality and educational utility in non-specialised environments.

Since the earliest developments of open-source 3D printers, the RepRap movement
has inspired numerous research initiatives aimed at democratising additive manufactur-
ing. Anzalone et al. (2013) proposed a low-cost metal printer based on MIG welding, re-
ducing the cost of commercial equipment to under USD 2000 [2]. Although their technical
approach validated the feasibility of metal deposition, it did not address calibration pro-
cedures or educational replicability. In parallel, Wittbrodt et al. (2013) conducted a life-
cycle economic analysis of a RepRap printer, demonstrating annual savings ranging from
USD 300 to USD 2000 [9], yet without considering the technical challenges that may hinder
the realisation of such benefits. Schuh (2024) documented the construction and calibration
of an FFF printer using recycled materials, offering a pedagogical perspective that under-
scores the educational value of projects built around Marlin firmware and Arduino plat-
forms [10].

In subsequent years, Gwamuri et al. (2016) emphasised the potential of open-source
3D printers in rural communities, proposing energy solutions such as solar power and
plastic recycling [11]. While their focus was primarily socio-economic, they did not ex-
plore the technical design or operational calibration aspects. Laplume et al. (2016) and
Petersen and Pearce (2017) delved into business models [4] and return-on-investment
analyses [12], respectively, but left unexamined the technical factors that underpin printer
functionality.

Geometric accuracy has been another key area of investigation. Minetola et al. (2018)
assessed improvements in Prusa i3 printers using self-replicated components, achieving
performance levels comparable to professional-grade equipment according to ISO IT clas-
sification [13]. Rendon-Medina et al. (2018) validated the clinical use of low-cost FDM
printers, reporting a dimensional error of 1.96% [14]. However, both studies focused on
geometric outcomes without addressing user experience or operational failures, such as
filament jams or bed levelling issues. Rosli et al. (2018), Sood and Pradhan (2019), and
Nath et al. (2020) explored metal-material printers [15], parameter optimisation for PLA
[16], and FFF process optimisation under uncertainty using physics-informed models [17],
respectively. These studies reinforced the need for precise calibration to enhance process
reliability across conventional and non-conventional materials yet did not detail the prac-
tical challenges of assembly and configuration. Kechagias et al. (2022) provided a compre-
hensive review of the parameters influencing surface quality and dimensional accuracy
in FFF, highlighting the complexity of their interactions and the necessity for systematic
control methodologies [18]. Similarly, Erokhin et al. (2023) classified common defects in
FFF printing and proposed mitigation strategies [19].
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More recently, Weiss et al. (2025) developed a multimaterial printer for biofabrica-
tion, validating its precision (+5 pm) and cell viability (>95%) [3], although they did not
elaborate on the mechanical calibration processes. Jadayel (2024) and Keller et al. (2025)
proposed computational and optical methods to improve geometric accuracy, achieving
enhancements of up to 88.5% [7] and error reductions by a factor of 1.7 [6], respectively.
While their approaches are metrological and computational in nature, they do not address
replicability in educational contexts or the use of accessible components.

Other studies have addressed dynamic control and automation. Weiss (2013) pro-
posed a closed-loop control system to enhance trajectory precision [20]; Ctibor et al. (2018)
improved stepper motor control in Arduino-based printers [21]; and Salazar-Serrano et al.
(2018) automated optical mounts using printed components [22]. These works share a
common interest in accessible and precise systems, yet do not apply their solutions di-
rectly to the geometric calibration of FFF printers. Praja et al. (2020) [23], Khona et al. (2022)
[24], Schuh (2024) [10] and Khan et al. (2024) [5] documented construction and testing
processes using Marlin firmware, but without in-depth technical analysis of thermal per-
formance or evaluation of critical parameters.

Finally, studies such as those by Campana et al. (2021) and Dupont et al. (2021) have
explored sustainability [25] and collaborative manufacturing [26], respectively, highlight-
ing the environmental impact of self-replication and the potential of the “Do-It-Together”
model. Although they share an interest in technological decentralisation, they do not in-
corporate energy systems or alternative materials such as agricultural residues. Tolentino
et al. (2024) and Gibb and Pearce (2025) further reinforce the relevance of open-source
hardware in education and research [27,28], yet fail to document replicable technical pro-
cesses or applications in rural contexts.

In this context, this article documents the design, construction, calibration and trou-
bleshooting of a modular low-cost 3D printer based on open-source technologies, devel-
oped within an academic project on technological development. The central hypothesis
posits that it is possible to build a functional and replicable additive manufacturing sys-
tem using exclusively accessible components and open-source platforms, without com-
promising print quality in complex geometries. To validate this hypothesis, the method-
ological procedures followed in the project are described, including the mechanical and
electronic design of the system, firmware and control software integration, calibration of
critical printing parameters, and the identification and resolution of recurrent faults dur-
ing initial testing. The results obtained allow for an evaluation of the system’s perfor-
mance and its potential as an educational and prototyping tool in resource-limited envi-
ronments.

This work offers a comprehensive engineering development study. The primary con-
tribution resides in the formalisation of practical engineering procedures and replicable
workflows, aligning with fundamental benchmarks that prioritise technical documenta-
tion. Our approach is inspired by the seminal works of Anzalone et al. (2013) [2] and
Hallgren and Wiberg (2015) [29], who validated that providing exhaustive documentation
for “derivative” open-source designs is essential for technological democratisation and
user-driven innovation. Similar to the case studies by Kayfi et al. (2015) [30] and Veliu et
al. (2024) [31], this paper serves as an educational reference and a practical implementa-
tion guide for integrating OSH components into functional R&D environments. We fur-
ther integrate the perspective of Dunn et al. (2023) [32] regarding the viability of self-pro-
duced, complex hardware, demonstrating how community-driven modifications
strengthen design stability. Furthermore, following the empirical findings of Omer et al.
(2024) [33], we address the critical need for context-specific design modifications to ensure
global replicability in resource-constrained settings, where “minor adjustments” are often
the key to functional success. By aligning with these practical precedents, our research
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provides the necessary technical infrastructure to transform a modular design into a real-
world tool.

2. Materials and Methods

The 3D printer developed in this project was conceived using a modular approach,
which enabled its design to be divided into mechanical, electronic, and control subsys-
tems. This strategy not only facilitated the construction and assembly process, but also
enhances its maintenance, scalability, and replicability in educational or low-budget con-
texts [34,35].

The mechanical design was developed using Autodesk Inventor 2014® software (Au-
todesk Inc., San Rafael, CA, USA), allowing for the 3D modelling of each component, the
generation of technical drawings, and the anticipation of interferences or adjustments
prior to fabrication. Figure 1 provides an annotated overview of the mechanical architec-
ture of the system. Figure 1la highlights the structural layout of the T-slot aluminium
frame, including the main junction points and alignment features that ensure geometric
stability during assembly. Figure 1b shows the complete CAD assembly with labelled sub-
systems—X, Y, and Z carriages, extruder module, build platform, and electronics tray —
to support clear identification of functional components. These annotations were added
to enhance readability and to facilitate replication of the mechanical configuration by ex-
ternal users. This CAD-based methodology is widely employed in rapid prototyping and
digital manufacturing projects [36-38].

The printer features a usable print volume of 300 x 300 x 200 mm, a dimension se-
lected for its versatility in producing medium-sized functional parts. This working area
falls within the typical range of desktop FFF printers aimed at educational and prototyp-

ing applications [5,39,40]. The assembled machine has overall external dimensions of ap-
proximately 502 x 686 x 571 mm (width x depth x height).

b~ N o2 Build platform
3 ) ) heated bed

Figure 1. Modular architecture of the 3D printer: (a) annotated T-slot aluminium frame highlighting
structural joints and alignment elements; (b) complete CAD assembly with labelled subsystems,

including axis carriages, extruder module, electronics tray, and build platform.

From its initial conception, the system was designed to be low-cost, employing ma-
terials and components readily available in the regional market. The total material cost of
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the complete prototype was approximately USD 350-450, depending on the local availa-
bility of components such as T-slot aluminium profiles for the frame, NEMA 23 stepper
motors (standard 23HS-series model supplied by Wantai Motor Co., Ltd., Beijing, China)
and the ATX power supply (Shenzhen XinLong Electronics Co., Ltd., Shenzhen, China),
and an electronics setup based on the Arduino Mega 2560 (Arduino S.r.l., Turin, Italy),
paired with the RAMPS 1.4 board (Geeetech, Shenzhen, China) and A4988 drivers (Pololu
Corporation, Las Vegas, NV, USA). This hardware combination is widely adopted within
the RepRap community and has proven to be both reliable and economical [10,21,41,42].

Regarding software, open-source tools commonly used in the 3D printing commu-
nity were selected. The slicing software, Ultimaker Cura 14.07 (Ultimaker B.V., Utrecht,
The Netherlands) was chosen for its user-friendly interface and compatibility across mul-
tiple platforms, while the Marlin firmware was configured to manage critical printing pa-
rameters such as steps per unit, travel limits, speeds, and sensor inputs [23,43-45].

For the fabrication of components, accessible processes such as laser cutting, conven-
tional milling, and turning were employed. This choice was driven by the local availability
of services and the need to keep costs low without compromising the system’s function-
ality. The firmware folder, design files and supporting documentation used in this study
are available in the public repository cited in the Data Availability Statement.

2.1. Mechanical Components

The mechanical system of the 3D printer was designed with a modular and functional
approach, prioritising ease of assembly, maintenance, and replicability. Each subsystem
was conceived to fulfil a specific role within the fused filament fabrication (FFF) process,
ensuring precision, stability, and compatibility with low-cost components.

2.1.1. Frame

The main frame is constructed using T-slot aluminium profiles, which are widely
used in automation and robotics applications due to their versatility and ease of assembly
[41,46-48]. This type of profile allows for precise adjustments in component positioning
and facilitates system expansion or modification.

The structure consists of a lower and upper frame, joined by perforated corner cubes
and L-brackets, providing rigidity and stability to the assembly. Levelling feet are inte-
grated into the base to ensure proper alignment of the print plane. This modular design
enables the movement of the X, Y, and Z axis carriages with precision along linear guides.
The designed structure is shown in Figures 1a and 2d.

tepper motor

Pressure
adjustment
screw

Spring tension|
mechanism
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Figure 2. Annotated mechanical subsystems of the 3D printer: (a) Y-Z axis carriages with labelled

lﬂ ]
[Hotend mounting blocK ! . ° — - ®

linear guides, lead screws, and couplings; (b) filament feeding mechanism showing drive gear, idler,
and tension system; (c) extruder assembly with identified thermal components; (d) modular frame

and control interface with marked modules.

2.1.2.X,Y, and Z Axis Carriages

The carriages are designed to move along hardened steel linear guides, driven by
M10 x 1.5 threaded rods and NEMA 23 stepper motors (Wantai Motor Co., Ltd., Beijing,
China). This configuration enables precise positioning across the three Cartesian axes, a
critical feature in FFF systems [23,40,47,49]. Each carriage comprises side mounting plates,
guiding blocks, and nuts coupled to the threaded rods. The design includes flexible cou-
plings between the motors and rods to compensate for potential misalignments, thereby
reducing mechanical wear and enhancing system durability. The CAD models of the Y
and Z carriages are shown in Figure 2a with labelled linear guides, carriage blocks, lead
screws, flexible couplings, and motor mounts, allowing readers to clearly identify the el-
ements responsible for multi-axis motion and alignment.

2.1.3. Filament Feeding System

The filament feeding system consists of a stepper motor that drives the filament
through a gear and pulley assembly with spring-loaded tension adjustment. This mecha-
nism ensures consistent filament feeding to the extruder, minimising the risk of clogs or
slippage. A CAD representation of the system is shown in Figure 2b, where the filament
feeding mechanism includes annotations identifying the drive gear, idler pulley, tension
adjustment system, filament guiding plate, support plate, feeder mounting plate, spacer
washer. These labels clarify how filament is constrained, driven, and stabilised before en-
tering the hotend.

2.1.4. Extruder

The extruder is based on the Budaschnozzle 1.3 model, with custom modifications to
enhance its performance. It comprises a set of heat sinks, a heating block with a resistor
and thermistor, and a 0.5 mm nozzle. The filament is guided through a PTFE tube, which
acts as a thermal insulator and reduces internal friction. A schematic 3D model of the ex-
truder is presented in Figure 2c with detailed labels indicating the heatsink front plate,
cooling discs (heatsink fins), central mounting shaft, PTFE liner, thermal break tube, ho-
tend mounting block, heater block, and nozzle. The design follows the open-source Bu-
daschnozzle 1.3 specification, originally created by LulzBot/Aleph Objects, Inc. (Loveland,
CO, USA), but the assembly used in this work was self-fabricated and modified.
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Power Jack|

2.1.5. Control Panel and Component Mounting

The control panel enables autonomous operation of the printer via an LCD screen, a ro-
tary encoder, and a reset button. It is mounted on an adjustable stainless-steel plate. The elec-
tronic system (comprising the Arduino Mega 2560-Arduino S.r.l, Turin, Italy, RAMPS 1.4
board-Geeetech, Shenzhen, China, and A4988 drivers—-Pololu Corporation, Las Vegas, NV,
USA) is housed in a ventilated metal tray, ensuring adequate heat dissipation. A front view of
the structure, including the control panel layout, is shown in Figure 2d with labels highlight-
ing the LCD interface, rotary encoder, reset button, and mounting plate. Structural frame ele-
ments already described in Figure 1 are omitted here to maintain focus on user-interaction
and control features relevant for standalone operation.

2.2. Electronic Components

The electronic system of the 3D printer was designed based on open-source hardware
platforms, which allowed for cost reduction, simplified programming, and ensured com-
patibility with a wide range of control software. The architecture comprises a controller
board, an expansion shield, stepper motor drivers, position sensors, and a human-ma-
chine interface system.

2.2.1. Controller Board: Arduino Mega 2560

The main board used is an Arduino Mega 2560, based on the ATmega2560 microcon-
troller (Microchip Technology Inc., Chandler, AZ, USA). Figure 3a illustrates the board,
highlighting its primary communication ports and pin groups. This view emphasises the
interfaces most relevant to the printer’s control architecture, including USB communica-
tion, power input, analogue inputs and PWM-enabled digital outputs, which serve as the
foundation for signal routing within the RAMPS 1.4 shield. This platform is widely
adopted in 3D printing projects due to its processing capacity, number of input/output
pins, and compatibility with firmware such as Marlin [38,50-52].

Heater Outputs Stepper Driver Sockets| | Endstop Connectors

ICSP Header (D10, D9, D8) XY, (X-min, Y-min, Z-min)

igital PWM Pins|
(D0-D13)
\

Power Input Terminals
(12V / GND)

Microcontroller|

ATmega2560

Analogue Input
Pins (A0-A15)

Coil Wires
(A+, A-, B+, B-)

Holes
Signal / VCC /
GND Pins

(d) (e)

Figure 3. Annotated electronic components of the control system: (a) Arduino Mega 2560 with la-
belled USB port, power jack, microcontroller, ICSP header, analogue inputs, and digital PWM pins;
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(b) RAMPS 1.4 shield showing power input terminals, stepper-driver sockets, heater outputs, fuse
holders, and endstop connectors; (c) A4988 stepper driver with microstepping pins, current adjust-
ment potentiometer, logic-signal pins, and heatsink; (d) NEMA 23 stepper motor with annotated
shaft, coil wires, mounting holes, and specification label; (e) mechanical endstop switch with la-

belled signal pins, actuator lever, and mounting holes.

2.2.2. Expansion Shield: RAMPS 1.4

The Arduino board (Arduino S.r.l., Turin, Italy) is complemented by a RAMPS 1.4
shield (Geeetech, Shenzhen, China), which follows the open-source RepRap Arduino
Mega Pololu Shield specification, and acts as an interface between the microcontroller and
the power components. Figure 3b annotated to identify its principal connection terminals
and driver sockets. This view clarifies the power distribution layout, heater outputs, fuse
locations and endstop connectors, ensuring that readers can accurately replicate the wir-
ing scheme and the integration of the motion-control subsystems. This shield enables the
connection of motor drivers, temperature sensors, endstops, and other peripherals. Its
modular design and widespread adoption within the RepRap community make it a stand-
ard choice for DIY (Do It Yourself) 3D printers [10,41,53-55].

2.2.3. Motor Drivers: A4988 Pololu

To control the stepper motors, A4988 drivers (Pololu Corporation, Las Vegas, NV,
USA) were used. These drivers support microstepping up to 1/16 step, feature adjustable
current control, and include overcurrent and overtemperature protection. As shown in
Figure 3c with labelled functional elements, including microstepping configuration pins,
the current-adjustment potentiometer and logic-signal terminals. This information is es-
sential for correctly tuning torque, motion smoothness and thermal performance during
axis and extruder operation. They are widely used in 3D printers due to their low cost and
ease of integration [21,41,56,57].

2.2.4. Stepper Motors

To ensure precise and reliable movement of the printer’s Cartesian axes, the required
torque for the stepper motors was calculated, considering load conditions, friction, me-
chanical efficiency, and the characteristics of the leadscrew transmission system. The total
required torque comprises two main components: load torque and acceleration torque.
The expression used for the calculation is presented in Shigley et al. (2004) [58], is shown
in Equation (1).

h

where M: Total required torque [N-cm]; F: Total axial force [N]; h: Leadscrew pitch [cm];
n: Transmission system efficiency; rz: Mean bearing radius [cm]; and pp: Bearing friction
coefficient. For the X-axis, with a load mass of approximately 1.5 kg, a leadscrew pitch of
1.5 mm, and typical friction coefficients for steel-bronze contact, the required torque was
calculated to be approximately 2.70 N-cm. This value was obtained without considering
gear reduction or preload, representing a conservative estimate. A NEMA 23 stepper mo-
tor was selected, with the following technical specifications: Step angle: 1.8°; Steps per
revolution: 200; Rated current: 2.8 A; Holding torque: 0.9 N-m (90 N-cm); Inductance: 1.2
mH; Resistance: 0.8 (); Shaft diameter: 6.35 mm; and Weight: 0.6 kg. This motor was cho-
sen with a generous safety margin, enabling not only efficient axis movement but also the
potential integration of additional tools such as cutting heads or dual extruders in future
prototype versions.

Moreover, these bipolar NEMA 23 motors (Wantai Motor Co., Ltd., Beijing, China)
were selected for their torque and compatibility with A4988 drivers (Pololu Corporation,
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Las Vegas, NV, USA). Figure 3d shows the external features of the stepper motor, indicat-
ing the shaft, mounting interface and coil-wire connections. These annotations support
correct mechanical alignment and electrical phasing, which are critical for achieving stable
and repeatable motion across the X, Y and Z axes. These motors allow for precise posi-
tioning control of the X, Y, and Z axes, as well as the filament feeding system [47,49,59,60].
Their operation is based on the switching of internal coils via control signals generated by
the firmware.

2.2.5. Position Sensors: Endstops

Each axis is equipped with two endstop switches (generic KW11-type, sourced from
Geeetech, Shenzhen, China) minimum and maximum, as shown in Figure 3e, which de-
fine the travel limits and enable the homing operation. The Figure presents the mechanical
endstop, with labels identifying the actuator lever and the signal-VCC-GND pin arrange-
ment. This view assists users in correctly orienting and wiring the homing sensors,
thereby ensuring reliable axis referencing during system calibration. These mechanical
sensors are connected to the RAMPS 1.4 board (Geeetech, Shenzhen, China) and are man-
aged by the firmware to prevent collisions and ensure system repeatability.

2.3. Firmware and Control Software

The printer’s control system is based on open-source tools widely adopted by the 3D
printing community, ensuring flexibility, continuous updates, and compatibility with
open hardware platforms.

2.3.1. Firmware: Marlin

The firmware selected for this project is Marlin (MarlinFirmware Project, GitHub
Open-Source Community, USA), a robust and optimised solution for Arduino-based 3D
printers [6,10,23,43]. Marlin enables the management of axis kinematics, extrusion, tem-
perature control, and communication with slicing software. Its most notable features in-
clude: PID control for hotend and heated bed temperature regulation; Support for SD
cards and LCD displays; Flexible configuration of steps per unit, travel limits, and speeds;
and Algorithms for linear acceleration and curve compensation. Figure 4a illustrates the
initial section of the Configuration.h file within the Arduino IDE, highlighting the firm-
ware metadata, electronics board selection and baud-rate definition. These parameters
form the foundation of the Marlin firmware configuration, and their correct setup is es-
sential before adjusting motion parameters, endstop logic or travel limits in the subse-
quent sections of the file.

2.3.2. Slicing Software: CURA

In this study, Ultimaker Cura version 14.07 (released in 2014) was used to generate
the G-code, converting 3D models into printer instructions. CURA is an open-source slic-
ing software developed and maintained by Ultimaker B.V. (The Netherlands), widely
adopted in the FFF 3D-printing community for its cross-platform compatibility and ease
of configuration. CURA allows the configuration of critical parameters such as layer
height, print speed, infill percentage and pattern, extruder and bed temperature, and sup-
port generation and auxiliary structures. Its intuitive interface and compatibility with
multiple operating systems make it a standard tool for FFF printers [44,53]. Figure 4b
shows the CURA Preferences window, highlighting the machine-dimension fields (build
volume), extruder count, filament-density and cost parameters, and the serial-port and
baud-rate communication settings. These configurations must remain consistent with the
firmware settings to ensure correct printer communication and material handling. Figure
4c presents the JOG control window in CURA, showing the directional movement
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controls for the X, Y and Z axes, as well as the manual plastic extrusion and retraction
buttons. The Connect, Print and Pause controls and the printing statistics panel are also
visible. These elements allow users to verify axis response, movement direction and ex-
trusion behaviour during initial setup, and homing.
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Figure 4. Annotated software interfaces supporting configuration and calibration: (a) Arduino IDE
showing key firmware parameters (metadata, motherboard selection, baud rate); (b) Cura Prefer-
ences panel with build-volume fields, extruder count, filament settings, and communication param-
eters; (c) Cura JOG window with axis-movement controls and extrusion/retraction buttons; (d)
Pronterface interface with jog controls, feed rate selection, temperature settings, manual extrusion

panel, and G-code console.

2.3.3. Communication and Calibration

Communication between the firmware and software is established via USB connec-
tion using a serial protocol. The initial setup includes Serial port and baud rate configura-
tion, Calibration of steps per unit for each axis, Adjustment of travel limits and maximum
speeds, and Validation of endstop logic. These parameters are modified in the Configura-
tion.h file of the Marlin firmware and verified through testing in the CURA environment
and complementary tools such as Pronterface [61-63]. Figure 4d shows the Pronterface
interface used during calibration and diagnostic procedures. The annotated elements in-
clude the axis-movement controls, feed rate settings, temperature controls for the hotend
and heated bed, manual extrusion buttons, printer-connection controls, and the G-code
terminal for real-time communication with the firmware. These features enable precise
verification of motion behaviour, temperature response and extrusion performance. The
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programmed extrusion length was then used to calibrate the feed rate and adjust the firm-
ware steps-per-unit accordingly.

Table 1 summarises the main technical specifications of the developed 3D printer,
including mechanical components, electronics, firmware configuration, and operational
parameters. This consolidated view aims to support reproducibility and complements the
detailed subsystem descriptions provided in Sections 2.1-2.3.

Table 1. Technical specifications of the developed modular 3D printer.

Overall dimensions ~502 x 686 x 571 mm (W x D x H)

Usable printing volume 300 x 300 x 200 mm

Frame T-slot aluminium profiles (modular assembly)

Axes Cartesian architecture: X, Y, Z

Linear guides Hardened steel rods with carriage blocks (X, Y, Z)

Transmission M10 x 1.5 threaded rods + flexible couplings

Motors NEMA 23 stepper motors (1.8°, 90 N-cm holding
torque, 2.8 A)

Extruder model Modified Budaschnozzle 1.3

Heatsink, thermal break, PTFE liner, heater block,

Hotend components
p 0.5 mm nozzle

Feeding system Drive gear + idler + spring-loaded tensioner

Electronics Arduino Mega 2560 + RAMPS 1.4 + A4988 drivers

Power supply ATX12V,750 W

Sensors Mechanical endstops (NC), thermistor

Firmware Marlin (steps/mm, travel limits, PID tuning config-
ured)

Slicing software (;URA (layer height, speed, infill, temperature con-
figured)

Communication USB serial protocol @ 115200 baud

Bed surface 5 mm glass plate

Validated temperatures 70 °C warm-up/190 °C PLA printing

Measured motion accuracy 0.2 mm (axes), 0.1 mm (homing)

. 50 mm/s print speed, 3,000 mm/s? acceleration, jerk
Motion parameters .
setting of 20 mm/s

Post-calibration dimensional error <0.5%
Cost USD 350-450

2.4. Assembly Procedure

The assembly of the 3D printer followed a logical and modular sequence, aimed at
ensuring the correct integration of mechanical and electronic subsystems. The process be-
gan with the construction of the main frame using T-slot aluminium profiles, which facil-
itated the alignment and positioning of components. The Y and Z axis carriages were then
installed, followed by the X-axis and the base plate. Once the mechanical structure was
complete, the filament feeding system and extruder were mounted, along with the mate-
rial spool holder. Finally, the electronic components (including the control board, drivers,
and user interface) were integrated into the system.

The modular nature of the design significantly simplified the assembly process, al-
lowing for independent installation and testing of each subsystem. This approach not only
reduced assembly time but also enhanced accessibility for future maintenance and poten-
tial upgrades.
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2.5. Adjustments and Calibration

Calibration is a critical stage to ensure dimensional accuracy and surface quality of
the printed parts. This process involves mechanical, electrical, and software adjustments
to synchronise axis movement, material extrusion, and thermal control.

2.5.1. Axis and Endstop Adjustment

The movement direction of the X, Y, and Z axes was verified using manual com-
mands in the control software (see Figure 4c). In cases of reversed motion, the correspond-
ing variables were modified in the Marlin firmware. Subsequently, the endstops were ad-
justed to ensure that each axis correctly identifies its home position.

2.5.2. Print Bed Levelling

The print bed was levelled using a 5 mm glass plate placed on the base platform. The
extruder height was adjusted to maintain a uniform gap of 0.1 mm at all four corners,
ensuring a consistent first layer and proper adhesion [18,64].

2.5.3. Extruder and Filament Feed Calibration

The Pronterface software (Printrun package, Kliment Yanev and contributors,
open-source community, USA) was used to calibrate the amount of extruded filament (see
Figure 4d) [65-67]. The procedure involved commanding the extrusion of a specific length
(e.g., 100 mm) and measuring the actual filament displacement. In case of discrepancies,
the steps per unit were adjusted in the firmware using a simple proportional calculation.
Real measurements were taken using a calliper. The procedure consisted of sending a
movement command from the interface software (CURA or Pronterface), measuring the
actual physical displacement, and adjusting the steps per unit accordingly. The formula
applied is shown in Equation (2).

Actual value x Expected displacement

New value =
Actual displacement (2)

This calibration method follows the standard RepRap procedure, which relies on pro-
portional correction of the extrusion steps-per-unit based on measured filament displace-
ment. This approach is widely adopted in open-source FFF printers because the extrusion
mechanism behaves approximately linearly over the range of operational loads and tem-
peratures.

Additionally, mechanical adjustments were made to the feeding system to improve
filament tension. Figure 5a illustrates the mechanical intervention performed on the fila-
ment-feeding support block, showing the installed tension springs, compression screws
and lock nuts, along with the original spring that was replaced due to insufficient stiffness.
This annotated view clarifies the specific components involved in the pressure-regulation
mechanism, thereby improving the transparency and reproducibility of the corrective ac-
tion taken to eliminate filament slippage. The calibration procedure is detailed in Section
3.4.3, where the results of the adjustments are presented.

2.5.4. Temperature and Print Parameter Adjustment

The thermal system was tested by setting the hotend temperature to 70 °C and then
to 190 °C for PLA printing. Thermistor readings were compared with external measure-
ments using a thermocouple to validate thermal stability. Subsequently, parameters such
as layer height, print speed, and infill percentage were configured in the CURA software
(Ultimaker B.V., Utrecht, The Netherlands). To verify dimensional calibration, a test piece
was printed. Figure 5b presents the calibration test piece used for dimensional verification
following the mechanical and firmware adjustments. The annotated nominal dimensions
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(@)

(25 x 4 mm) and the highlighted measurement areas support the evaluation of dimen-
sional accuracy and layer uniformity, ensuring that the validation procedure can be relia-
bly reproduced by other users.

Nominal dimensions:
25 x4 mm

Calibratio
test piece :

Figure 5. Mechanical adjustment of the feeding system and dimensional-verification test piece: (a)

(b)

annotated feeding-system support block showing the installed tension springs, compression screws,
lock nuts and the original spring replaced due to insufficient stiffness; (b) calibration test piece with
nominal dimensions (25 x 4 mm) and indicated measurement areas for dimensional and layer-uni-

formity verification.

2.6. Validation Approach

The validation strategy adopted in this work focuses on internal functional verifica-
tion of the developed prototype rather than comparative benchmarking against commer-
cial or open-source printers. This decision aligns with the scope of engineering develop-
ment studies, in which the objective is to assess the operability, calibration consistency,
and troubleshooting processes of the newly developed system.

2.7. Use of Generative Al

During the preparation of this manuscript, the authors used Microsoft Copilot (GPT-
4 architecture, Microsoft Corporation, Redmond, WA, USA) to assist in the drafting and
refinement of specific sections. Additionally, some images were refined using Al-powered
inpainting tools from OpenArt (OpenArt Al, San Francisco, CA, USA) to enhance resolu-
tion and legibility. The authors have reviewed and edited the output and take full respon-
sibility for the content of this publication.

3. Results
3.1. Assembly and Connection of Electronic Components

The control system of the 3D printer is based on a modular open-hardware architec-
ture, integrating an Arduino Mega 2560 board, a RAMPS 1.4 expansion shield, Pololu
A4988 stepper motor drivers, endstop sensors, a thermistor, a heating resistor, an LCD
control panel with rotary encoder, and a 12 V ATX power supply. The electrical design
was structured to facilitate assembly, maintenance, and future upgrades. Figure 6 shows
the complete electrical wiring diagram of the 3D printer, detailing the connections be-
tween the Printed Base Board, the stepper motors for the X, Y and Z axes, the extruder
heater, the thermocouple input, the heated-bed circuit and the main 11A/5A power rails.
This annotated schematic clarifies the organisation of the power and signal lines and
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provides a reproducible reference for the assembly and integration of the electronic sub-
system.
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Figure 6. Electrical wiring diagram of the control and power subsystems. Annotated schematic
showing the Printed Base Board, stepper-motor connectors, extruder heater and thermocouple in-

puts, heated-bed circuit, auxiliary connector J1, and the main 11A/5A power-supply rails.

Regarding the main connections, the stepper motors for the X, Y, Z axes and the ex-
truder are connected to the dedicated outputs of the RAMPS 1.4 shield, which manage
PWM signals. The endstop sensors are connected to the X-min, Y-min, and Z-min inputs,
using a normally closed (NC) configuration for enhanced safety. The extruder thermistor
is connected to the analogue input T0, while the heating resistor is connected to the digital
output D10. The cooling fan is connected to D9, also configured as a PWM output. The
LCD control panel and encoder are connected via the EXP1 and EXP2 ports, using SPI
communication and digital signals. The SD card is accessed through the SDRAMPS
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module, and the ATX power supply is connected directly to the VMOT and GND termi-
nals of the RAMPS, providing 12 V DC.

The electronic components were mounted on a 1.5 mm thick stainless-steel tray, spe-
cifically designed to house the power supply, Arduino Mega 2560 board, RAMPS 1.4
shield, Pololu A4988 drivers, cooling fan, and input/output connectors. This tray was fixed
to the main structure using M6 screws and T-slot nuts, allowing for an organised and
accessible layout for maintenance. The power supply used was a 12 'V, 750 W ATX unit,
modified for standalone operation by bridging the PS-ON and GND pins on the Molex
connector. Four output lines were selected (two 12 V and two GND) to power the RAMPS
1.4 shield directly, using tubular terminals to ensure a secure and stable connection. Fig-
ure 7a shows the ATX 12 V power supply mounted on the stainless-steel electronics tray,
illustrating its physical orientation, ventilation outlet and AC-input interface. This view
clarifies the mechanical integration of the power unit and its role as the primary source
for the 11 A and 5 A power rails used in the RAMPS board.

The Arduino Mega 2560 board was fixed to the tray using metal spacers and M2.5
screws, onto which the RAMPS 1.4 shield was mounted. The A4988 drivers were installed
in their respective sockets, ensuring correct orientation of control and power pins. Figure
7b shows the RAMPS 1.4 shield mounted on the Arduino Mega 2560, together with the
installed A4988 driver modules and the power-input terminal block. This view clarifies
the physical layout of the control electronics as assembled on the stainless-steel tray, sup-
porting the reproducibility of the installation described in this section.

D J Cooling fan /
ATX power supply| ¥ ventilatiopoutlet
(12'V, 750 W) - /

Arduino Mega
2560 (underneath) 2

Mounting brac

stainless-steel Mounting

spacers

Heated bed / build|
platform

(d)
Figure 7. Final system assembly with highlighted components: (a) ATX 12 V power supply mounted

on the stainless-steel electronics tray, showing the ventilation outlet, AC input and power switch;
(b) RAMPS 1.4 shield mounted on the Arduino Mega 2560, showing the A4988 driver modules,

power-input terminal block and signal headers; (c¢) mechanical endstop mounted on the carriage
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block, showing the switch, wiring, mounting screw, linear guides and lead screw; (d) overview of
the fully assembled electronics and frame, showing the LCD control panel, ATX power supply, Z-
axis motor, heated bed and modular T-slot structure; (e) fully assembled 3D printer in operational

configuration, showing the filament spool holder.

Once the boards were mounted, the NEMA 23 stepper motors were connected. The
motor coils were identified using resistance measurements with a multimeter, and four-
pin JUMPER terminals were soldered to facilitate connection to the RAMPS 1.4 shield. The
cables were routed through cable glands and channels attached to the frame profiles, min-
imising interference and maintaining system order.

Endstop sensors were installed on each axis (X, Y, Z) in a normally closed (NC) con-
figuration, connected to the X-min, Y-min, and Z-min pins of the RAMPS. Shielded cables
with FASTON terminals and two-pin female connectors were used. Continuity of each
connection was verified with a multimeter before powering the system. Figure 7c shows
the installation of a mechanical endstop on the carriage block, highlighting the switch,
wiring, mounting screw and its alignment with the linear guides and lead screw. This
view supports the description of the endstop-installation procedure and clarifies the phys-
ical arrangement required for reliable axis homing.

The extruder was connected via a four-pin aerial terminal, allowing quick disassem-
bly for maintenance. An extension was fabricated using JUMPER connectors for the ther-
mistor and tubular terminals for the heating resistor, connected to the TO and D10 pins,
respectively.

Finally, the control panel, consisting of a 4 x 16 LCD screen, a rotary encoder, and a
reset button, was connected. The screen was wired using jumpers for power and backlight
pins, while the encoder was mounted on a universal board and connected to the RAMPS
via a three-wire extension. The reset button was connected with a two-wire extension and
fixed to the front panel. This set of connections enabled autonomous operation of the
printer, as well as control via interface software such as CURA and Pronterface. The mod-
ularity of the design facilitates future expansions, such as the integration of multiple ex-
truders or additional sensors. Figure 7d provides an overview of the fully assembled elec-
tronic subsystem integrated into the modular T-slot frame, showing the mounted LCD
control panel, ATX power supply, Z-axis motors and the overall spatial arrangement of
the wiring and mechanical interfaces. This complete view complements the detailed com-
ponent-level images presented previously and supports the reproducibility of the assem-
bly process described in this section.

3.2. Final System Assembly

The final assembly, illustrated in Figures 7 and 8, involved the physical integration
of all components and the validation of practical aspects related to the modular design.
The use of T-slot aluminium profiles proved advantageous for initial alignment and com-
ponent positioning. However, it required careful planning to insert T-nuts into the slots
beforehand, as retrofitting them later would necessitate partial disassembly, an important
consideration for future iterations. The installation of the Y and Z axis carriages and the
integration of the X-axis with the base plate are shown in Figure 8a,b. Figure 8a shows the
assembled Y-Z carriage structure, illustrating the alignment of the linear guides and the
integration of the lead-screw mechanism within the modular frame. Figure 8b shows the
assembly of the X-axis subsystem, including the print-bed support plate, X-axis stepper
motor, linear guides and carriage block. This view supports the description of the initial
stages of the final assembly process. During this phase, it became evident that verifying
the smooth movement of the linear guides before securing the side plates was essential to
avoid friction and misalignment. Additionally, the coupling between leadscrews and
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stepper motors, while functional, required fine adjustments to compensate for minor mis-

alignments, reinforcing the importance of using flexible couplings.

—

Guide clamp

(b)

Cable clamp /
strain relief

Heater-cartridge
insertion point

Nozzle-barrel interface
(leak origin)

Thermistor seat /
thermistor cable entry

Heater block

Melted-plastic deposit /
leakage residue

Nozzle (0.5 mm)

[Hotend assembly]
(d)

Figure 8. Assembly process and some identified issues: (a) assembled Y-Z carriage showing the

carriage block, linear guides, lead-screw transmission and guide supports within the modular T-
slot frame; (b) X-axis assembly showing the print-bed support plate, X-axis stepper motor, linear
guides and T-slot frame integration; (c) burnt fibreglass bushing removed from the hotend, show-
ing the heat-damage region that caused excessive friction and filament clogging; (d) nozzle leak-
age showing molten-plastic accumulation at the interface between the nozzle and the threaded

barrel, indicating insufficient sealing at the heater-block junction.

Several mechanical issues were observed during the assembly process:

e  Filament feeding system slippage: The spring-loaded tension mechanism initially
caused gear slippage, reducing effective extrusion. This issue was resolved by replac-
ing the original springs (& 6 mm, 18 mm length) with stiffer ones, increasing com-
pression force by approximately 30%. The improvement is shown in Figure 5a.

¢ Inadequate bushing in the extruder: The original fibreglass bushing in the hotend
generated excessive friction, leading to clogs and inconsistent filament flow. Figure
8c shows the original fibreglass bushing removed from the hotend, where the burnt
end and surface degradation are clearly visible. This damage was responsible for ex-
cessive friction and clogging during filament feeding. It was replaced with a PTFE
bushing (friction coefficient = 0.04), which reduced resistance by 60% and stabilised
extrusion and improved extrusion consistency.
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¢ Nozzle leakage: Material leakage was observed at the junction between the nozzle
and the threaded barrel, affecting surface quality. The issue, illustrated in Figure 8d,
was resolved by applying high-temperature silicone sealant and tightening the joint
to 2.5 N'm, eliminating the leak and improving surface finish.

The electronic components were mounted on a custom-designed 1.5 mm thick stain-
less-steel tray, which housed the ATX power supply (12 V, 750 W), Arduino Mega 2560
board, RAMPS 1.4 shield, A4988 drivers, cooling fan, and I/O connectors. The tray was
secured to the frame using M6 screws and T-slot nuts, ensuring a stable and accessible
layout. Cable routing was managed using adhesive cable ducts and cable glands fixed to
the frame, which helped minimise electromagnetic interference and maintain system or-
der.

The installation of the control panel, comprising a 4 x 16 LCD screen, rotary encoder,
and reset button, also required careful cable management to prevent interference with axis
movement. The modular layout facilitated these adjustments and is recommended for fu-
ture designs aiming for ease of maintenance and expandability.

Figure 7e shows the 3D printer fully assembled in its operational configuration, in-
cluding the mounted filament spool, LCD interface, Z-axis motors, heated bed and final
cable-routing arrangement. This complete view illustrates how all mechanical, electronic
and control subsystems integrate within the modular T-slot frame, complementing the
assembly description provided in this section. These observations highlight the im-
portance of anticipating assembly constraints in modular designs and provide practical
insights for users aiming to replicate or adapt the system in educational or low-resource
settings.

3.3. Functional Testing

Once the assembly was completed, initial tests were conducted to verify the opera-
bility of the system. These tests allowed for the evaluation of axis movement, sensor re-
sponse, thermal stability of the extruder, and communication with the control software.
They also enabled the adjustment of critical parameters and confirmed the overall stability
of the system.

3.3.1. Movement of X, Y, Z Axes

Axis movement was tested using manual commands via the control interface (see
Figure 4c). The direction of movement was validated and corrected through firmware pa-
rameters. Movements of 10 mm were commanded and measured using a digital calliper,
yielding deviations of less than +0.2 mm from the nominal value. The homing speed was
configured in the firmware as HOMING_FEEDRATE {2000, 2000, 160, 0} mm/min for the
X, Y, and Z axes, respectively. This adjustment ensured fast positioning without compro-
mising accuracy. Smooth motion was achieved after minor adjustments to guide tension
and leadscrew alignment. This verification is essential to ensure precision in material dep-
osition.

3.3.2. Endstop Activation

The correct operation of the endstops was validated during the homing process. Ac-
tivation logic was adjusted in the firmware (e.g., X_ENDSTOPS_INVERTING = true) to
prevent collisions and ensure repeatable positioning. The tests confirmed positioning re-
peatability with a tolerance of less than +0.1 mm.
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3.3.3. Extruder Temperature Control

The thermal system was tested by increasing the hotend temperature from 70 °C to
190 °C for PLA printing. Thermistor readings were compared with external measurements
using a thermocouple, showing deviations of less than +2 °C, thereby validating the sta-
bility of the PID control. The stabilisation time at 190 °C was approximately 3 min. This
control is critical to prevent extrusion failures.

3.3.4. Communication with CURA and Pronterface Software

Communication between the Marlin firmware and CURA software was verified via
USB connection at 115,200 baud using a serial protocol. Correct interpretation of G-code
and synchronisation with the hardware were confirmed. Additionally, Pronterface was
used for specific extrusion tests and parameter adjustments.

3.4. System Calibration

Calibration was carried out to ensure dimensional accuracy and stability throughout
the printing process. The procedures described in the methodology were applied itera-
tively, and the results are summarised below.

3.4.1. Firmware Adjustment (Steps per Unit, Travel Limits, Axis Direction)

Critical parameters were configured in the Configuration.h file of the Marlin firm-
ware. The initial values for steps per unit were DEFAULT_AXIS_STEPS_PER_UNIT
{1958, 1958, 2148, 98} corresponding to the X, Y, Z axes and the extruder, respectively.

A command was issued to extrude 100 mm of filament, and 86 mm were measured,
indicating a 14% error. This calibration of steps per unit [steps/mm)] is a critical stage in
the setup of a 3D printer, ensuring that movements commanded from the control software
correspond to the actual physical displacements of the machine. The detected error was
corrected using a proportional calculation, adjusting the extruder value from 98 to 714.28
steps/mm. This procedure was repeated for each axis, including the extruder, whose cali-
bration is essential to prevent over-extrusion or under-extrusion.

Travel limits were set as follows: X_MAX_POS = 300 mm; Y_MAX_POS = 300 mm;
Z_MAX_POS = 180 mm; to prevent collisions. Axis directions were verified and adjusted
using the firmware variables INVERT_X_DIR, INVERT_Y_DIR, and INVERT_Z_DIR.

3.4.2. Bed Levelling

The print bed was levelled using a 5 mm glass plate placed on the base platform (see
Figure 7). The extruder height was adjusted to maintain a uniform gap of 0.10 mm at all
four corners, validated using a digital calliper. This adjustment is critical to ensure proper
first-layer adhesion and to prevent warping.

3.4.3. Filament Feed System Calibration

Following the previously identified 14% error, the steps per unit parameter was ad-
justed, and the test was repeated, yielding 99.5 mm—within a tolerance of +0.5 mm. Ad-
ditionally, the tension of the feeding system was reinforced by replacing the springs, re-
ducing gear slippage (see Figure 5a).

3.4.4. Thermal Stability Validation

The hotend temperature was tested at 70 °C and 190 °C for PLA printing. Thermistor
readings were compared with external thermocouple measurements, showing deviations
of less than +2 °C. The system reached thermal stability at 190 °C within 3 min, confirming
the effectiveness of the PID control.

https://doi.org/10.3390/machines14030261



Machines 2026, 14, 261

20 of 27

3.5. Printing Results

Following the completion of calibration, printing tests were conducted to evaluate
dimensional accuracy, layer adhesion, and system stability. Results were compared before
and after calibration, using both simple and complex geometries. The dimensional values
reported correspond to single-print measurements intended to verify functional calibra-
tion rather than statistical variability.

3.5.1. Initial Prints Without Calibration

The first printed parts were a square-based prism measuring 20 x 20 x 2 mm and a
cylinder of J25 mm x 3 mm. Significant deviations were observed in the cube, with actual
dimensions of 21.8 mm in X, 19.2 mm in Y, and 2.05 mm in Z, representing an average
error of +6.5%. Figure 9a shows the initial test prints obtained before calibration, where
several defects are evident, including under-extrusion, poor first-layer adhesion, blob for-
mation and warping. These issues reflect the lack of synchronisation between extrusion
parameters, bed levelling and axis motion, and justify the calibration procedures de-
scribed in the following sections. The cylinder measured 26.4 mm in diameter, corre-
sponding to an error of +5.6%, visible in Figure 9b that shows the cylindrical test piece
printed before calibration, exhibiting severe extrusion inconsistencies, surface roughness,
edge deformation, and first-layer irregularities. These defects highlight the lack of syn-
chronisation between extrusion flow, bed levelling, and axis motion, reinforcing the need
for the calibration procedures described in the following section.

Inconsistent infill Warping
pattern

Dimensional
inaccuracy

(b)

First-layer |Under-extrusion

detachment / poor
adhesion

Blob / extrusion
inconsistency

()

| Over-extrusion /
uneven extrusion

ISurface roughness /
poor finish

Edge deformation

Incomplete or

Improved continuous|__ & ~Minor infill
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Figure 9. Printing results: (a) initial prints without calibration showing under-extrusion, first-layer

detachment, blob formation and warping; (b) cylindrical test piece printed before calibration, show-
ing over-extrusion, surface roughness, edge deformation and first-layer irregularities; (c) thin-wall
test printed after calibration, showing improved extrusion continuity and bed adhesion, with minor
surface irregularities still present; (d) post-calibration motion-validation print (“M” path), showing

correct axis synchronisation and continuous toolpath execution, with minor non-critical stringing.

3.5.2. Prints After Calibration

After adjusting the steps per unit and levelling the bed, the same geometries were
reprinted. The cube now measured 20.1 mm in X, 20.0 mm in Y, and 2.02 mm in Z, reduc-
ing the average error to +0.5%. Figure 9c the thin-wall test performed after the mechanical
and firmware calibration procedures. The print quality improved substantially compared
to the initial results, exhibiting continuous extrusion, proper bed adhesion and the ab-
sence of severe defects such as warping or material blobs. Nevertheless, minor irregular-
ities remain visible in the infill pattern and surface finish, reflecting the non-optimised
nature of this prototype and the fact that the calibration process focused on achieving
functional performance rather than fine-tuned quality optimisation. Compared to the
prints shown in Figure 9a, where severe under-extrusion, detachment and deformation
were present, Figure 9c demonstrates a clear improvement in print consistency following
the calibration process. The cylinder measured 25.1 mm in diameter, with an error of
+0.4% (see Figure 5b). Surface quality improved significantly, with uniform layers and
complete infill. The corrected E-steps value remained stable throughout the subsequent
calibration and test-print sessions, with no additional drift observed during operation.

3.5.3. Complex Geometry Prints

Figure 9d shows a motion-validation test carried out after calibration, in which the
extruder follows a sharp directional pattern (“M” shape) without missed steps or posi-
tional drift. The continuous deposition along the angled segments confirms that the X-
and Y-axis movements are properly synchronised and that the step-per-unit calibration
ensures stable motion. Although minor artefacts such as slight stringing remain visible,
these do not compromise the assessment of motion stability, which was the primary pur-
pose of this test. The parts exhibited good edge definition and dimensional stability, con-
firming the effectiveness of the calibration. The average printing time for these parts was
45 min, using the following parameters: layer height: 0.25 mm; infill: 20%; the motion pa-
rameters used during validation were 50 mm/s print speed, 3000 mm/s? acceleration and
a jerk setting of 20 mmy/s, consistent with typical RepRap-class configurations.
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4. Discussion

The results obtained in this study confirm the initial hypothesis: it is possible to build
a functional, accurate, and replicable 3D printer using exclusively accessible components
and open-source technologies. The reduction in average dimensional error from over 6%
to less than 0.5% following calibration, along with improvements in surface quality and
thermal stability, validates the technical feasibility of the proposed system. The dimen-
sional accuracy obtained after calibration (average error below 0.5%) is consistent with the
ranges reported for other low-cost or RepRap-based FDM systems. Minetola et al. (2018)
observed improvements that brought Prusa i3 printers close to ISO IT7-IT8 accuracy clas-
ses [13], while Renddén-Medina et al. (2018) reported dimensional errors of approximately
1.96% in clinical-grade low-cost printers [14]. Similarly, Khan et al. (2025) reported geo-
metric deviations up to 3.3% prior to parameter optimisation [5]. In this context, the post-
calibration behaviour of our prototype aligns with the performance envelope of compara-
ble open-source machines, despite relying exclusively on accessible components and sim-
ple calibration procedures. The motion-validation results shown in Figure 9d further in-
dicate that axis synchronisation and extrusion stability reach levels suitable for educa-
tional and prototyping applications, even without the advanced optical or closed-loop
methods described in recent metrological studies.

From the perspective of previous studies, these findings complement and extend the
approaches documented by authors such as Schuh (2024) [10] and Khan et al. (2025) [5],
who explored the construction of low-cost FFF printers but did not detail systematic cali-
bration procedures or fault-resolution strategies. Likewise, the observations of Keller et
al. (2025) [6] and Jadayel (2024) [7] regarding the importance of precise calibration to re-
duce systematic errors are reinforced here. However, this study demonstrates that such
improvements can be achieved without resorting to advanced optical or computational
systems, but rather through mechanical adjustments and accessible firmware.

The modular design, based on T-slot profiles and an Arduino-RAMPS architecture,
not only facilitated assembly and maintenance but also enabled an organised integration
of mechanical, electronic, and control subsystems. This modular approach aligns with the
recommendations of Kechagias et al. (2022) [18] concerning the need for systematic meth-
odologies to control critical parameters in the FFF process.

The issues identified —such as gear slippage, inadequate bushings, and nozzle leak-
age—were addressed through practical solutions that can be replicated by non-specialist
users. These interventions demonstrate that system reliability does not depend solely on
hardware, but also on the ability to identify and resolve faults through technical observa-
tion and iterative adjustments.

In the broader context of additive manufacturing, this work provides empirical evi-
dence supporting the democratisation of prototyping technologies through open hard-
ware. As suggested by Gwamuri et al. (2016) [11] and Dupont et al. (2021) [26], technolog-
ical appropriation in low-resource communities requires not only economic access but
also clear and replicable technical documentation, as presented in this article.

Future research directions could include the incorporation of feedback sensors for
closed-loop control, the development of interchangeable modules for multi-material
printing, and the integration of alternative energy systems such as solar power. Addition-
ally, it is recommended to explore the use of recycled or biocomposite materials as print-
ing feedstock, in line with the sustainable approaches proposed by Campana et al. (2021)
[25].
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5. Limitations

The scope of this study is strictly centred on the engineering development and func-
tional validation of a single prototype. It does not attempt to propose new design theories
or optimisation mechanisms, nor does it pursue experimental generalisation beyond the
documented implementation. Future studies could extend this work through comparative
performance benchmarking or advanced modelling-based optimisation, which fall out-
side the development-focused remit of the present contribution. Additionally, no compar-
ative evaluation against commercial or open-source printers was conducted, as the aim of
the study was functional validation of the prototype rather than performance benchmark-
ing.

A theoretical error model or nonlinear extrusion analysis was not included, as the
aim of the study was functional calibration of a development-stage prototype. The pro-
portional method provides sufficient accuracy for verifying operability without requiring
full characterisation of thermal, rheological or mechanical parameters. No statistical anal-
ysis (such as standard deviations or confidence intervals) is reported because this study
did not involve multiple replicates or an experimental design aimed at quantifying varia-
bility. The objective was to verify functional operation of a development-stage prototype
rather than to conduct metrological or performance-variability assessment.

6. Conclusions

This work documents the design, construction, calibration, and fault resolution of a
low-cost modular 3D printer based on open-source technologies, validating the hypothe-
sis that it is possible to develop a functional and replicable system using exclusively ac-
cessible components. The results obtained, both in axis movement tests and print quality,
demonstrate that the modular approach and the use of open-source hardware and soft-
ware platforms enable levels of precision suitable for educational and prototyping appli-
cations.

The methodology that was employed, which integrates CAD modelling, electronic
integration, firmware configuration and iterative calibration, provides a replicable guide
for similar projects in resource-constrained contexts. Furthermore, the identification and
resolution of mechanical and thermal faults offer practical recommendations that may be
useful for non-specialist users.

Taken together, this study contributes to the democratisation of additive manufac-
turing, reinforcing the value of open hardware as a tool for education, innovation, and
technological appropriation. It is recommended that future research should explore the
incorporation of closed-loop control, multi-material printing, and the use of recycled or
biocomposite materials, thereby expanding the technical, social, and environmental im-
pact of such developments.

Beyond its technical validation, the developed machine has potential impact across
several domains. In educational settings, its low cost, modularity and open-source config-
uration offer a practical platform for teaching engineering concepts related to automation,
CAD, electronics and control. For researchers, the system provides a fully documented
and reproducible tool that can be adapted for experimental prototyping, instrumentation
or process-monitoring studies. In low-resource or rural environments, the accessibility of
materials and the detailed assembly procedures presented here contribute to the democ-
ratisation of digital fabrication, enabling local technological appropriation. Finally, for
small enterprises and industry, the printer represents a viable entry-level solution for
rapid prototyping and customised manufacturing workflows, reinforcing the relevance of
open hardware in emerging innovation ecosystems.
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PID Proportional-Integral-Derivative
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