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Abstract

Wire arc additive manufacturing (WAAM) is a promising technology offering capabilities of high deposition rate and low pro-
cessing and equipment setup cost and the possibility to create components with moderate geometrical complexity. However,
wide scale industrialization of this technology is constrained by its complex thermal signature which demands an interdisci-
plinary approach of integrating auxiliary technologies aiming at controlling and monitoring the process often requiring costly
upgrades of ancillary systems. These challenges can be addressed by developing flexible and adaptable WAAM systems that
incorporate open-source solutions for developing innovative and customized auxiliary add-ons mitigating proprietary barri-
ers and scale-up expenditures. In this work, we present the design and construction of a scalable WAAM machine featuring
three-axis rectilinear motion system with a working envelope suited for small- to medium-sized components. The system
integrates a customized weld torch and multiple wire feeder utilizing widely available materials to ensure functionality and
cost-effectiveness. An open-source 32-bit control board is employed to achieve coordinated operation of multiple systems. A
detailed assessment and selection criteria of various motion control hardware is provided. Additionally, pioneering summary
of control boards with significant potential for expansion into metal additive manufacturing is also presented. To validate
the machine functionality, multi-layer deposition along X—Z and multi-bead deposition along X-Y axes were conducted.
These results demonstrate the seamless synchronization of the motion control, welder, and wire feeder systems, achieving
defect-free depositions. Conductive and radiative electromagnetic interference mitigation measures are detailed, providing
a practical guidance to simplify the development of customizable WA AM machines.

Keywords Machine design - Motion control system - Welder and wire feeder system - Electromagnetic shielding - Twin
wire thin wall depositions

1 Introduction

Metal additive manufacturing (MAM) involves layer-by-
layer material deposition manipulated by a digital control
system, which effectively translates 3D computer-aided
design (CAD) objects into machine understandable code
or language to manage motion control, material deposition,
and process monitoring. This process upscales productivity
by reducing lead time and improves manufacturability of
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complex and near net shape parts. MAM has emerged as a
transformative technology across aerospace, automobile, and
marine industries where it significantly reduces manufactur-
ing costs and production time. Additionally, it is gaining
traction in tooling application enabling the rapid fabrication
of customized dies, molds, and fixtures in various manufac-
turing processes [1]. To further enhance its efficiency and
adaptability for large-scale industrial applications, integrat-
ing a real-time monitoring system is crucial to dynamically
control process parameters [2, 3]. Research on MAM has
predominantly focussed on powder bed fusion (PBF), for
its ability to produce small-scale, high-quality parts with
fine geometrical tolerances and on directed energy deposi-
tion (DED), for large build volume, though it often requires
significant post-processing to achieve desired surface finish
and dimensional accuracy [4, 5]. Processes involving powder
feedstock require a closed build chamber to contain powder
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particles, whereas systems using filler wire do not require
such containment, making them simple and cost-effective.

The most widely used heat sources in DED are laser,
electron beam, and electric arc. While laser and electron
beam are high energy density sources that can produce com-
plex design with fine tolerances, they have certain limita-
tions. The laser energy absorption rate is lower for highly
reflective metals, and an electron beam requires a vacuum
environment [6]. These limitations can be significantly
mitigated by employing an electric arc-based heat source,
rendering the developed of wire arc additive manufacturing
(WAAM). WAAM primarily utilizes four types of arc-based
heat sources: (i) Gas Tungsten Arc Welding (GTAW), (ii)
Plasma Arc Welding (PAW), (iii) Gas Metal Arc Welding
(GMAW), and (iv) Cold Metal Transfer (CMT), which is a
subtype of GMAW. In GTAW and PAW, a non-consumable
tungsten electrode is used with the filler wire fed separately,
whereas in GMAW and CMT, a consumable filler wire elec-
trode is aligned coaxially with the torch. GTAW was chosen
for this study due to its ability to use multiple filler wires
achieving multi-material deposition and being able to have
independent feed rate control, cost-effectiveness, and fine
control over arc stability minimizing spatter and improv-
ing bead consistency. These benefits make GTAW ideal for
developing a low cost, open-source WAAM system prioritiz-
ing affordability and material-based experimentation over
high deposition rates.

Research on WAAM is broadly classified into four cat-
egories: (i) hardware systems; (ii) process and analysis;
(iii) process monitoring; (iv) property characterization.
Hardware systems represent the mechanical integration of
arc welding machine, motion manipulator, and wire feeder
system [6]. Process analysis focuses on optimizing key pro-
cess parameters such as the heat input, current (), voltage
(V), wire feed rate, and torch travel speed to achieve precise
and defect-free deposition. Process parameters are highly
interdependent, constraining to narrow process window
obtained through multi-physics simulation. Deviations from
these optimal values can result in defects such as poros-
ity, residual stresses, or surface finish ultimately affecting
the quality and performance of the fabricated component
[7-9]. Process monitoring involves real-time monitoring
using optical, spectral, thermal, electrical, and acoustic
sensor systems to detect process irregularities. With the
advancements in these systems, parameters are adjusted
dynamically during deposition to obtain components with
better properties [10-13]. Property characterization exam-
ines the process-structure—property relationship, influenc-
ing the performance of the fabricated component [14, 15].
While exponential efforts have been focussed on most of
these categories, hardware systems remain relatively under-
explored as illustrated in Fig. 1. This gap is significant as the
hardware systems directly impacts the scalability of WAAM
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technology, which is crucial for developing innovative and
material based customized process solutions. Therefore, a
brief review of the existing literature on WAAM machine
design and development is outlined to gain insights into cur-
rent work and address critical areas essential for complete
WAAM machine development. Pioneering work by Anza-
lone et al. [16] utilized delta kinematics and a GMAW heat
source, controlled by machine instruction codes for open-
source WAAM. Ugla and Almusawi et al. [17, 18] further
advanced open-source WAAM, integrating a welder and a
cold wire feeder into a computer numerical control (CNC)
machine, controlled by Arduino Mega 2560. An in-house
graphical user interface was developed to generate the dep-
osition path utilizing MATLAB replacing an open-source
slicer. Cerqueira et al. [19] integrated a CMT welder with
a CNC machine to study the effect of process parameters.
Similarly, Lu et al. [20] adopted Anzalone’s approach of
delta kinematics and a GMAW welder controlled by Arduino
Mega 2560. Open source Cura software was used to slice
and translate the CAD file into machine instruction codes.
Rosli et al. [21] improvised a Prusa i3 open-source system
into a metal printer, integrating a GMAW welder using an
Arduino control board. Khan et al. [22] provided a brief
explanation on the construction of a gantry kinematics
WAAM machine, emphasizing the importance of cali-
bration to ensure deposition accuracy. Navarro et al. [23]
developed Cartesian kinematic and wire feeder integrating
GTAW welder, controlled by an Arduino Mega 2560 control
board to command-and-control, and an open-source slicer to
generate machine instruction codes. Their work provided a
concise overview on design, development, and use of ferrite
couplers for electromagnetic interference (EMI) protection.
While all these studies reported the integration of motion
control system with welders, none provided detailed infor-
mation on hardware selection criteria, machine design and
build process, multiple system integration, and most criti-
cally protection from EMI (electromagnetic interference)
radiation, which hampers the customized development of
WAAM.

The key challenges affecting the development of open-
source WAAM are illustrated in Fig. 1. Scalability in com-
mercial setups is hindered by the integration of evolving
in situ auxiliary processes and the high costs associated with
their upgrades. A cost-to-time trade-off exists, where com-
mercial WAAM systems require high investment but offer
rapid operationalization, whereas the self-build machines
provide cost-effectiveness and are flexible to adapt the add-
ons but necessitate interdisciplinary expertise, extensive tri-
als, and stabilization time. Another major challenge is the
limitation of open-source slicer software, where the process-
dependent bead geometry requires an extensive processing
through multi-physics-based simulation. Finally, the electro-
magnetic field disturbances cause erratic behavior in motion
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Fig. 1 Hardware system: An underexplored frontier in open-source WAAM machine development and its associated challenges

control, welder, and wire feeder systems, if not properly
mitigated can significantly disrupt the process continuity.
WAAM hardware often is an integration of three core
systems: (i) motion control (either robot or CNC); (ii) wire
feeder system, and (iii) welder. The choice of motion control
depends on a multitude of parameters, and decisive among
them are the dimensions of the part, deposition accuracy,
in situ processing capabilities, and cost economics. Robotic
systems are well suited for large build volume and intricate
geometrical features that require flexibility in orientation of
the weld torch and filler wire nozzle setup. On the other
hand, CNC systems provide higher accuracy and are better
suited to resist vibrations induced by post-deposition pro-
cess. However, the high cost of CNC systems is a significant
limiting factor, with a 45% cost up for producing a titanium
rib [24]. As outlined above, there is limited research on the
development and implementation of open-source WAAM
hardware systems highlighting the need for further research
to reduce the costs associated with these setups. This work
aims to address this gap by providing a comprehensive
explanation focussing on the following aspects: (i) develop
a structured approach for the design and development of
WAAM systems, including detailed selection criteria for
various open-source motion control systems such as the
motor, transmission systems, and control boards; (ii) design,
develop, and integrate customized weld-setup and twin wire

feeder system with the motion control system ensuring a
synchronized motion among them. (iii) EMI mitigation
strategies implementation to create a reliable and replicable
framework.

2 Materials and system integration

In this work, we envisioned to design and develop a WAAM
machine that is scalable, flexible, and adaptable to support
innovative applications by leveraging open-source technol-
ogies. Table 1 presents the specifications of the machine.
Key features include its ability to incorporate multiple wire
feeder with independent feed rate control, enabling multi-
material deposition. This setup could be utilized to produce
depositions either in alternating layers or together to produce
functionally graded materials (FGM). The ability to deposit
multi-materials using an alternating layer strategy is dem-
onstrated in the subsequent process validation section. Con-
structing a WAAM machine using open-source technologies
makes possible the integration of auxiliary add-ons such as
cold rolling, hot forging, and ultracold wire without requir-
ing significant hardware or software upgrades. This mini-
mizes revenue expenditure while enhancing the machine’s
scalability, flexibility, and adaptability, the key performance
drivers for WAAM hardware systems. The customized weld
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Table 1 Specifications of WAAM machine

S.no Specification Details

1 Motion control Cartesian rectilinear coordinate system with three orthogonal axis

2 Control system Open-source 32-bit control board with RepRap firmware

3 Build volume 500 X460 x 300 mm

4 Heat source GTAW via 5 V relay (scalable to use diverse sources in conjunction or independently)
5 Wire feed capability Twin wire feeder (scalable to multiple wires with control board expansion)

6 Wire feed rate Independent feed rate control

7 Wire feeder mode of operation Independent, alternating layer and in conjunction with variable feed rates

setup with twin wire capabilities exemplifies the adoption of
scalable solutions within this framework, demonstrating how
open-source technologies can support customized function-
alities while maintaining cost-effectiveness.

2.1 Materials selection and construction

A critical phase in design and development process is the
selection of materials and system integration, which directly
influences performance, durability, and cost efficiency. The
section explores the materials chosen and how different
systems are assimilated to create an efficiently functioning
WAAM machine. Commonly used materials include cast
iron, steel (stainless and mild), aluminum, and composites
in specialized applications. Aluminum extrusion profiles are
extensively used in structural applications because of their
superior strength-to-weight ratio, resistance to corrosion,
vibration-damping properties, and modular design which
supports flexible and customizable configurations [25]. In
addition to aluminum, mild steel is selected for components
like the bed late, substrate fixture, and weld torch which are
exposed to thermal shocks and require resistance to thermal
deformation [26]. While aluminum parts and stainless steel
fasteners are readily available off-the-shelf, mild steel com-
ponents were outsourced for manufacturing due to their large
dimensions exceeding in-house fabrication capabilities. To
mitigate mild steel susceptibility to corrosion, anti-corrosive
coating was applied. These components make up to 102.27
kg to the total weight, for a build envelope of 500 x 460
X 300 mm (schematic shown in Fig. 3 (a)), accounting for
36% of the total hardware cost. The bill of materials used for
machine construction is detailed in Sect. 3.3.

Electrical hardware, including control boards, play a criti-
cal role in ensuring precise and consistent motion during
machine operation. Key components include stepper motors,
32-bit control boards, and wire harness of various gauges
ranging from AWG3 to AWG24 (American wire gauge) for
managing power and communication signals. Stepper motors
are cost-effective and deliver high torque at lower speeds
with excellent precision, making them the ideal choice for
the motion control and wire feeder system. More detailed
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criteria for selecting the right stepper motor based on opera-
tional loads is discussed in Sect. 3.1.1. Control boards are
pivotal in deciphering machine code and ensuring seamless
coordination and synchronization across multiple systems.
A 32-bit control board is effective in faster data processing
capabilities and responsiveness, enabling real-time synchro-
nization of multiple interconnected systems. The welder is
integrated through a 5 V relay allowing precise control dur-
ing the automated workflow. A more detailed discussion of
the welding and wire feeder setup is provided in Sect. 3.2.

The machine frame, designed in a cube shape, requires
careful attention to maintain squareness and proper align-
ment of the interconnected sections. The squareness of
the extrusion profiles at vertices is verified using a fram-
ing square. Similarly, straightness and parallelism of the
profiles and Z axis are verified by a laser marker, ensuring
precise alignment over long distances. Wire harnesses were
spliced, intermeshed, and twisted then soldered to create
strong joint capable of spanning long distances. These wires
were crimped with female crimp pins inserted into connec-
tor housing and plugged into the control board header pins.
Finally, wire harnesses were routed through cable chain to
prevent tangling while providing the necessary mobility for
the interconnected axes.

2.2 Open-source software

Parametric modelling software is extensively utilized for
designing machine components, performing interference
checks within the kinematic envelope and extracting bill
of materials from the final design. Open-source software
such as FreeCAD, SolveSpace, OpenSCAD, and free-for-use
software like Onshape and Fusion 360 offer robust features
for designing components, structural frame, and complex
assemblies. CAD modelling for deposition is exported in
standard tessellation language format and processed through
custom-built python script for generating required machine
code. Python script for thin-wall depositions is provided as
a Supplementary Information. This approach is tailored for
the development of a custom-built WAAM machine that
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requires assimilation of motion control, wire feeders, and
an external welder.

Motion control is simulated in a CNC viewer software
to visualize the deposition path ensuring repeatability of
the layer-by-layer deposition process. RepRap firmware
adapting to National Institute of Standard and Technology
(NIST) G-Code interpreter is employed to control the canon-
ical machine’s function and is highly suitable for machines
requiring customized configurations [27]. A comprehensive
explanation of various open-source firmware and supporting
kinematics is provided in Sect. 3.1.3.

3 Design and assembly

In the construction of this machine, attention was placed on
cost-effectiveness, functionality, and simplicity of design—
a core tenet of Design for Manufacturability and Assembly
(DFMA) [28, 29]. The design emphasized a modular setup
adaptable to various processes, with a focus on ergonom-
ics to minimize human fatigue. While many commercial
systems rely on proprietary technologies and closed archi-
tectures, our approach leverages open-source components
and a modular design to adapt for evolving innovative and
customized solutions. This translates to significant long-term
cost savings and greater adaptability to cater research and
industrial needs. Furthermore, this machine incorporates
twin wire feeder for multi-material deposition, expanding
material capabilities which is on par with entry-level com-
mercial systems. This section provides a detailed explana-
tion of the operational and functional criteria of the system
and components used while maintaining a cost-effective and
adaptable framework.

3.1 Motion control

The developed WAAM machine employs a Cartesian coor-
dinate-rectilinear kinematic that allows for precise motion
along three orthogonal axes. This setup is relatively sim-
ple to build and configure eventually narrowing down time
and cost. Motion control comprises of an actuator (made up
of a stepper motor and a transmission system) and control
board to provide the necessary linear motion. This section is
further divided into motor, transmission, and control board
providing insights on each of them.

3.1.1 Motor

Stepper motors are ideal for executing complex motion tasks
with high precision and accuracy. Rotor movement in dis-
crete steps, better known as stepping, and ease of integration
with control boards make them the best choice for motion
control and feedstock extrusion in MAM. These motors

provide adequate torque at lower speeds, as the torch move-
ment in WAAM is generally slower compared to conven-
tional machining operations. Two criteria that decide the
selection of the stepper motor are compatibility with the
control board and operational load. The winding arrange-
ment (either unipolar or bipolar) and rated current influence
the compatibility of the stepper motor with the control board
while the torque required to move the gantry system dictates
the operational load characteristics. A detailed explanation
of torque calculation using empirical relation is provided
below.

Torque (TM) is the force required to rotate an object about
its axis and is divided into two components: load torque and
acceleration torque; empirical relation is provided in Eq. 1.
Load torque (TL) refers to the torque necessary to move
the gantry and overcome the friction of the interconnected
components, while acceleration torque (Ta) is the additional
torque required during acceleration and deceleration phases
of the gantry’s motion; empirical relations are provided in
Eq. 2 and Eq. 3 respectively. Key variables involved in calcu-
lations include the following: force (F') in the moving direc-
tion in N, lead screw lead (PB) in mm, 7 is the efficiency of
lead screw around 60 ~70%, J,, is the rotor inertia in kg-m2,
J; the load inertia in kg-m* and N, is the axis speed in RPM,
t, is the acceleration and deceleration time in seconds, s. A
safety factor between 1.5 ~2 is typically applied to account
for any variations or uncertainties [30].

Total torque, T, = (TL + Ta) X Sy ¢))
Load t T, = Ps
oad torque,T; = 2 @)
Acceleration t T o+ i) N, 3
= — %}k —
cceleration torque, T, 955 :

Stepper motors are directly coupled to the lead screw and
positioned on top of it, driving the supervening axis of the
gantry system. This configuration helps mitigate the effects
of radial and axial loads that the motor needs to counter.
Selecting a suitable motor involves confirming several cri-
teria after completing the torque calculations. The motor
winding type, whether unipolar or bipolar, must be compat-
ible with the control boards; for example, a unipolar motor
with five or six leads cannot interface with a control board
designed for bipolar motor. Additionally, rated current must
be carefully chosen to prevent overheating and potential
damage from excessive current flow through windings.
A suitable step angle (either 0.9° or 1.8°) that determines
the number of steps per revolution must be chosen based
on the required positional accuracy while considering the
effects of inductance and back electromotive force (EMF),
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which occurs during changes in current direction. Finally,
the motor adhering to the mounting flange dimensions or
frame size specified by National Electrical Manufacturers
Association (NEMA) standards, ensuring compatibility with
the system design and torque requirements, is chosen [31].
NEMA 23 high torque (24.5 kg.cm) stepper motor with a
step angle of 1.8° per step and with an accuracy of +5% is
used for all the axes ensuring precise and reliable motion
control [32].

3.1.2 Transmission

A transmission system translates rotary motion into linear
motion along an axis with a minimum torque loss from the
stepper motor. A brief overview of commonly deployed
transmission systems in CNC and 3D printers includes
timing pulley and belt, ball screw drive, lead screw drive,
and rack and pinion. Schematics of the various transmis-
sion systems are shown in Fig. 2. Timing pulley and belt
drives are well suited for applications with low load inertia
but are prone to racking issues and require the belt to be
held in constant tension. Ball screw drives and lead screws
are similar in operation, and key difference among them is
the mounting nut preloaded with steel balls to minimize
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friction and improve the efficiency in the ball screw drive.
Both drives experience whipping due to the screw shaft
flexing over long travel lengths; however, this is alleviated
by ensuring proper tensioning at the mounting ends. Rack
and pinion systems are best suited for heavy duty applica-
tions due to their robust and simple construction. Similar
to the rack and pinion option, lead screw drives are also
prone to backlash issues; however, the use of anti-backlash
nuts can mitigate this issue [33].

To finalize the selection of the transmission system,
it becomes imperative to account for calibration require-
ments. As the Y and Z axes are driven by multiple actua-
tors as shown in Fig. 3 (a), tilt and twist misalignments
along these axes are corrected using least-squares algo-
rithm to minimize the sum of height errors. This demands
a transmission system that can accommodate these cor-
rections, which necessitates to avoid rigid structures with
very fine tolerances. Additionally, heavier transmission
systems would increase the weight of the gantry mandat-
ing heavy-duty stepper motors. Two variants of lead screw
drives were employed: (i) lead screw with guide rod for Z
axis and (ii) C-beam lead screw bundle for X and Y axes
shown in Fig. 3 (c) and (e) respectively. An overview of

(b) E—

Mounting nut

Lead screw

(d)

Pinion

Fig.2 Transmission systems: (a) ball screw drive, (b) lead screw drive, (c) timing pulley and belt, (d) rack and pinion
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Fig. 3 (a) Machine schematic with working envelope, (b) C beam bundle interference with machine frame, (c¢) lead screw with guide rod mount-
ing to machine frame, (d) lead screw with guide rod mounting to C beam bundle, (e) C beam lead screw bundle

these two systems and empirical relations for selecting
appropriate lead screw sizes is explained hereafter.

The 8 mm TR 8*8, trapezoidal lead screw was directly
coupled to the stepper motor through a coupler, with guide
rods placed parallelly in the guide rod setup for Z axis, while
two pairs of rollers slide along the extrusion profile in the
C-beam bundle for X and Y axes, providing the necessary
load bearing support. The trapezoidal lead screw traverses
through an anti-backlash nut enhancing repeatability and
smooth bidirectional linear motion with an accuracy of 0.05
to 0.10 mm [34]. A lead screw with guide rod setup was cho-
sen for the Z axis, as the 20 series extrusion of C-beam bun-
dle is incompatible with 40 series extrusion of the machine
frame as illustrated in Fig. 3 (b). To select the appropriate
lead screw size, the superposition method is used to cal-
culate the deflection between two hinged supports [35].
Empirical relations of various load configurations are given
in Fig. 4. Variables in the empirical relations are as follows:
P is the point load in N and w is the uniform varying load
in N/m, E is the modulus of elasticity in Pa, I is the area
moment of inertia in m*, b is the sub-length in m.

3.1.3 Control board

A control board is a printed circuit board (PCB) integrating
a processor and peripherals to coordinate stepper motors,
sensors, and ancillary systems according to user-defined
programs. PCBs are categorized based on their data pro-
cessing capabilities, which are determined by two key fac-
tors data width and processing frequency. Data width refers
to the amount of data that can be processed within a given

timeframe, while processing frequency indicates the speed
at which the control board can execute commands. Both are
vital for seamless integration of multiple systems. A simple
flowchart to aid the selection of appropriate control board is
shown in Fig. 5. A comprehensive list of 32-bit boards used
in additive manufacturing processes, with five or more step-
per motor operability is benchmarked in Table 2. A WAAM
machine with an integrated wire feeder system requires five
or more stepper motors, four for motion control (X, Y, and
dual Z axes), and one for wire feeding.

Onboard hardware scalability reduces the complexity of
electrical architecture and configurations. Table 3 highlights
various opensource firmware and supporting kinematics for
the control boards listed in Table 2, with most of them are
written in C and C+ +languages. The firmware deciphers
the machine instruction codes into electrical signals that
direct the hardware to perform the intended actions. The
selected kinematic firmware configuration is then flashed
onto control board, setting kinematic envelope, process func-
tionalities, and to execute print files.

A control board schematic is shown in Fig. 6. A 24 V
power supply unit (PSU) powers the control boards in
accordance with the recommended specifications. Two con-
trol boards, a main board, and an expansion board are used
to operate the nine stepper motors for the motion control and
feedstock extrusion control system The boards communi-
cate through CAN (Controller Area Network) protocol using
RJ11 cables (Registered Jack 11), with each assigned unique
address to enable scalability for future hardware additions.
The Z axis is driven by four independent motors that are
connected to the main board, while the X and Y axis are
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Fig.4 Method of superposition, maximum deflection: (a) midspan point load, (b) load at any point, (c¢) triangular load distribution, (d) uni-

formly varying load

connected to the expansion board as shown in Fig. 6. This
arrangement was done to match the order of endstop to the
stepper motor to perform “Axis Levelling using End Stop™,
enabling axis calibration to correct for any major positional
deviations. This setup corrects actuator misalignments, pre-
venting parallelism errors between the gantry and bed plate
that could compromise bead geometry. To limit axis over-
travel during any manual operation, an endstop is installed
at the maximum envelope position for each axis, as depicted
(indicated by endstop mounting bracket at the terminal posi-
tion of the line arrow) in Fig. 3 (a). A two-position emer-
gency push button (normally closed and normally open)
is installed to immediately halt machine operation when
triggered [49]. Two brushless DC motor fans are installed
inside the junction box to prevent the control boards from
overheating. A human machine interface (HMI) was estab-
lished between the control board and laptop through a RJ45
connection.

3.2 Weld set-up and twin wire feeder
Direct current electrode negative (DCEN) mode is chosen
to achieve high deposition rates with better dimensional

accuracy, with the negative electrode fixed to the weld
torch and the positive electrode to the substrate fixture
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completing the welding circuit [50, 51]. To insulate the
interconnected systems from potential electromagnetic
interference (EMI) caused by the welding circuit, a cost-
effective insulator, such as a wooden plank, is placed
between the bed plate and the machine frame.

The welder is interfaced with the control board by con-
figuring a two-state normal relay as a welder controller to
toggle on and off sequence. Digitally, macro files for both
torch on and torch off are sequenced in the print file to
control the welder operation.

Stepper motors are chosen for the wire feeder system
over conventional DC motors, as they provide precise
control over the wire feed rate. The wire feeder system
consists of two rollers, a grooved driver roller attached to
the stepper motor shaft and a plain driven roller housed
in a mounting bracket. As the roller rotates, the filler wire
is drawn from the wire spool positioned at the top of the
machine frame into the roller junction through a flexible
steel hose to prevent wire entanglement. Coordinated and
synchronized operation of the weld torch and wire feeder
is essential for WAAM. This could be achieved by config-
uring the wire feeder either as an additional motion system
or as an extruder, each with its own operation characteris-
tics and limitations as explained hereafter.
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torch travel speed and wire feed rate can be varied for
each deposition layer controlled by an “F” parameter (feed
rate per minute), resulting in coordinated and synchro-
nous feed rates. The circuit diagram for the welder and
wire feeder system is shown in Fig. 7 and a schematic
view is depicted in Fig. 8 (b). The choice between these

Documentation and forum support
+¢+ Crucial for customization
+»+ Best practices exchange

Firmware

Firmware selection based on preferred
kinematics, customization and user ease
of configuration setup

Control board
32-bit board with higher frequency for
coordinate action of sub-systems

configurations depends on the materials being deposited,
process parameters, and the desired deposition strategy.

3.3 Machine design

This section outlines the critical aspects of machine
design that significantly impact on functionality and cost-
effectiveness. One of the key considerations is the control
mode of stepper motors. Closed-loop stepper motors, also
referred to as stepper servos, comprise an encoder and a
PID controller (proportional-integral-derivative) to moni-
tor and control discrepancies between target and actual
position. The controller receives input signals representing
the intended and current positions, calculates the error,
and adjusts the motor’s movements using proportional,
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Table 2 List of 32-bit control boards used for additive manufacturing

No Company Board name Processor Firmware
Family Data (bit) Frequency (MHz)

1 Duet [36] Duet 3 Mainboard 6HC ARM Cortex M7 32 300 RepRap
2 Duet 3 Mainboard 6XD ARM Cortex M7 32 300 RepRap
3 Duet 3 Mini 5+ ARM Cortex M4 F 32 120 RepRap
4 Duet 2 ARM Cortex M4 F 32 120 RepRap
5  Big Tree Tech [37] Manta M5P ARM Cortex MO + 32 64 Klipper
6 Manta M8P V1.1 ARM Cortex MO + 32 64 Klipper
7 Manta M8P V2.0 ARM Cortex MO + 32 550 Klipper
8 SKR 3 ARM Cortex M7 32 480 Marlin, Klipper, RepRap
9 ARM Cortex M7 32 550 Marlin, Klipper, RepRap
10 SKR3 EZ ARM Cortex M7 32 480 Marlin, Klipper, RepRap
11 ARM Cortex M7 32 550 Marlin, Klipper, RepRap
12 SKR V1.4 ARM Cortex M3 32 100 Klipper
13 SKR V1.4 Turbo ARM Cortex M3 32 120 Klipper
14 SKR Pro V1.2 ARM Cortex M4 32 168 Marlin
15 Octopus Pro V1.0/V1.1 ARM Cortex M7 32 550 Marlin, Klipper, RepRap
16 ARM Cortex M4 32 180 Marlin, Klipper, RepRap
17 ARM Cortex M4 32 168 Marlin, Klipper, RepRap
18 Octopus Max EZ ARM Cortex M7 32 550 Marlin, Klipper
19 Kraken ARM Cortex M7 32 550 Marlin, Klipper, RepRap
20 Lerdge [38] Lerdge-Z ARM Cortex M4 32 168 Marlin, Klipper
21 Smoothieboard [39] Smoothieboard 5X ARM Cortex M3 32 120 Smoothieware
22 Archim2 Archim2 ARM Cortex M3 32 84 Marlin
23 Panucatt [40] Azteeg X5GT ARM Cortex M3 32 120 Smoothieware
24 Aus3D [41] Rumba 32 (No Info.) 32 180 Marlin
25 Max3 dshop [42] RADDS ARM Cortex M3 32 84 Repeiter, Marlin
26 Thing-Printer [43]  Replicape + BeagleBone ARM Cortex A8 32 200 (PRU) 41000 (CPU) Redeem

Black
27 (Self-build) RemRam ARM Cortex M7 32 216 Marlin
28  (Self-build) Generation 7 ARM Cortex MO + 32 48 RepRap

Table 3 Firmware and

supp

orted kinematics

S.no Company Supporting kinematics

1 Marlin [44] Cartesian, Core (H-Bot), Delta, and SCARA

2 Klipper [45] Cartesian, CoreXY, Delta

3 RepRap [46] Cartesian, Core XY, Core XZ, Core XYU, Core XYUYV, Linear
Delta, Rotary Delta, IDEX, Markforged, Serial SCARA, Five-bar
parallel SCARA, Hangprinter, Polar

4 Smoothieware Cartesian, Delta, Hbot, Core-XY, Rotary Delta, Morgan Scara

5 Repeiter [47] Cartesian, Core XYZ, Delta, Dual X axis

6 Redeem [48] Cartesian, H-Belt, Core XY, Delta

integral, and derivative actions to ensure precise con-
trol. Most control boards do not have in-built hardware
capabilities to support closed-loop control which neces-
sitates additional control boards. Additionally, closed-
loop stepper motors are equipped with electromagnetic
brakes to hold position during emergency stop or power
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loss. Implementing a closed-loop setup increases the cost
by eight times compared to open-loop system and up to
ten times if electromagnetic brakes are included. In the
construction of this WAAM machine, open-loop stepper
motors are used as they provide the desired functional-
ity. Alternative to electromagnetic brakes, mechanical
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Fig.6 Motion control system circuit diagram

stoppers are installed to prevent the accidental collision
of the gantry with the bed plate as marked in Fig. 8 (a).
The machine frame is constructed using 40 series alu-
minum extrusion profiles, due to their higher load bearing
capacity and resistance to deflection, which are vital for
maintaining structural integrity. Additionally, these profiles
provide superior vibration damping compared to smaller
profiles such as the 20 or 30 series extrusion profiles, mak-
ing them the ideal choice for structural applications. A total
of 16.2 m of these extrusion profiles were used, contribut-
ing 28.8 kg to the total weight. With a section modulus of
5281.65 mm?, the 40%40 extrusions provide the necessary
structural support to withstand a total load of 185 kg (assum-
ing a safety factor of 2.0). This includes the static load of
55 kg inclusive of bed plate, substrate fixture and substrate
plate, 36 kg for the gantry system, and a component (part
deposition) weight of 94 kg. Optimal selection of profiles
aids in reducing the cost and weight of the structure, as they
represent a significant portion of the construction materials.
Electromagnetic interference (EMI) is the impairment
of an electromagnetic signal by an electromagnetic distur-
bance as defined by IEEE standards [52]. In welding oper-
ations, high-frequency noise is generated at the onset of
the electric arc between the electrodes. These disturbances

End Travel Trigger

can take place either as radiated or conducted signals that
induce unwanted signals in the motion control circuits
leading to erratic motor behavior and relay malfunctions.
Initial trials revealed frequent disconnections in the motion
control circuit and cases where the welder relay did not
switch off as intended at the end of the deposition path. To
mitigate these effects and to ensure electromagnetic com-
patibility (EMC) of the system, the following measures
were implemented. Shielded cables, featuring conductive
foil wrapped around the core, were employed for stepper
motors and sensors to block external noise. Additionally,
a Faraday cage was setup around the working boundary to
conceal the radiated EMI waves, preventing it from affect-
ing the motion control system (refer to Fig. 8 (b)). Ferrite
chokes were utilized to suppress high-frequency noise by
creating inductive impedance, dissipating the interference
as heat. It is also crucial to avoid high frequency welders
as they generate high voltage at the start to initiate and
maintain arc stability exacerbating EMI issues. Finally,
the machine frame was grounded as it provides a path to
safely dissipate unwanted electrical noise. These measures
minimized disruptions from EMI and improved the reli-
ability of the systems throughout the process [53].
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Fig.8 (a) Self-developed WAAM machine, (b) schematic of welder and wire feeder system with shielding gas setup
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Table 4 Bill of materials

No Specification Component Quantity Total weight Total cost (euros)
(kg)

Machine frame

1 Aluminum 40*40 extrusion 16.2 m 28.83 388.80
profiles

2 Aluminum 40 series con- 44 units 1.14 46.54
nectors

3 Aluminum 20*40 extrusion 0.78 m 0.66 9.79
profile

4 Aluminum 20 series con- 6 units 0.04 4.28
nectors

5 Stainless steel Fasteners 1 set 1.90 62.18

Z-axis

6 NEMA 23 Bipolar stepper 4 units 5.20 135.10
motor

7 Aluminum Mounting plate 4 units 0.12 24.99

8 Stainless steel Plain rod 8 units 4.00 77.64

9 Stainless steel Lead screw — 4 units 1.60 97.02
TR8*8

10 Aluminum Support bear- 24 units 0.64 47.92
ings

11 Aluminum Linear bearings 8 units 0.40 27.16

12 Aluminum Connecting 4 units 0.30 26.57
block

13 Brass Anti-backlash 8 units 0.09 19.19
nut

14 Aluminum Flexible coupler 4 units 0.06 9.20

15 Aluminum 20*40 extrusion 1.07 m 0.91 13.49
profile

16 Sensor Endstop 6 unit 0.02 18.45

17 Polymer Cable chain 1 set 0.70 55.79

18 Stainless steel Fasteners 1 set 1.10 80.21

X and Y axes

19 Aluminum C Beam linear 3 set 8.41 379.81
bundle

20 NEMA 23 Bipolar stepper 3 units 39 101.33
motor

21 Aluminum 20*%40 extrusion 4.52 m 3.73 57.12
profile

22 Aluminum 20 series con- 34 units 0.21 24.25
nectors

23 Sensor Endstop 5 units 0.02 15.38

24 Polymer Cable chain 2 set 0.88 63.17

25 Stainless steel Fasteners 1 set 0.36 35.33

Bed plate and substrate fixture

26 Mild steel Bed plate 1 unit 36.38 534.00

27 Wood Wooden plank 1 unit 2.50 7.99

28 Mild steel Substrate fixture 1 unit 13.59 179.00

29 Mild steel Substrate plate 1 unit 2.15 67.50

30 Stainless steel Fasteners 1 set 0.31 16.31

Weld setup and wire feeder

31 TIG Welder 1 unit 9.5 1,428.00

32 Mild steel Torch housing 1 unit 0.14 105.00
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Table 4 (continued)

No Specification Component Quantity Total weight Total cost (euros)
(kg)

33 Copper Collet & collet 1 unit 0.02 4.22
holder

34 Tungsten Electrode 1 unit 0.01 11.94

35 Stainless steel Fasteners 1 set 0.01 1.33

36 NEMA 23 Bipolar stepper 2 unit 2.6 67.55
motor

37 ABS Motor mounting 2 unit 0.10 -
bracket

38 Aluminum 20*40 extrusion 1.38 m 0.82 13.91
profile

39 Aluminum 20 series con- 10 units 0.06 7.13
nectors

40 Stainless steel Fasteners 1 set 0.21 10.50

Control board and wire harness

41 ABS Junction box 1 unit 4.76 119.13

42 24V Power supply 1 unit 0.76 44.50
unit (PSU)

43 32 bit Control board — 1 unit 0.22 276.57
main

44 32 bit Control board — 1 unit 0.20 115.00
expansion

45 2 position (NC +NO) Emergency 1 unit 0.06 7.87
push button

46 5V, 2 position Relay 1 unit 0.01 3.69

47 AWG 3,13,22,24 ‘Wire harness 1 set 1.52 269.68

48 AWG 3,13,22,24 Connector and 1 set 0.08 3.41
terminal

49 PET braided Cable protec- 1 set 0.20 289.67
tion sleeve

Shielding gas — pneumatic accessories

50 20 1/min flow rate Shielding gas 1 unit 1.95 158.00
flow meter

51 Polymer Shielding gas 1 set 0.79 15.67
hose

52 Stainless steel Hose clip 1 set 0.10 9.34

Hardware cost 144.5 5,588

No Role Cost per man-  Total cost

day

Manpower cost

53 Supervisor 115 17,250

54 Engineer 40 12,000

Manpower cost 29,250

Total machine cost (including hardware and manpower) 34,838

Table 4 provides comprehensive bill of materials classi-
fied into various subassemblies aiding in planning and cost
estimation. Notably, tools and consumables are excluded
as they do not represent capital investment. Manpower
costs which constitute to 84% of the total machine cost
reflect the extensive efforts involved from planning and
design stages to stabilization. A considerable portion of
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these costs stemmed from intensive work needed to final-
ize hardware specifications and address issues related to
EMI. The overall cost of machine including hardware and
manpower amounts to 34,838 euros, reflecting cost stand-
ards prevalent in Portugal, where both the per-day man-
power cost and product procurement were set. This cost
is significantly lower compared to commercial machines
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highlighting the cost savings and flexibility that can be
achieved through a self-built approach.

4 Process validation
4.1 Multi-layer deposition

Thin wall depositions were performed to validate machine
performance, using stainless steel alloy (Er 316L Si) for sin-
gle wire setups and a combination of stainless steel alloy (Er
316L Si) with nickel-based alloy (Er NiCrMo-13) for twin
wire feeder setups, both with a wire diameter of 1.2 mm, as
shown in Fig. 9. Both depositions involved 20 layers along
a unidirectional path, with material deposition along the X
axis and layers built sequentially along the Z axis. These
depositions are ideal for assessing motion control repeat-
ability over geometries that require extensive tool path opti-
mization. The weld setup and twin wire feeder system were
validated using an alternate layer strategy, where stainless
steel and the nickel-based alloy were deposited in successive
layers to evaluate wire feeder system’s ability to switch-over
seamlessly while remaining synchronized with the welder
and motion control systems. Cross-sectional microstructural
analysis confirms defect-free depositions.

Multiple trials of single bead depositions were per-
formed to determine optimal process variables, which were

B

e

subsequently applied to overlapping beads. The deposition
efficiency calculated using total wall width (TWW) and
effective wall width (EWW) was 77.2% for single wire depo-
sition, significantly higher than efficiencies achieved in com-
parable nickel based GTAW depositions [54, 55], [56-62],
as shown in Fig. 9 (c). Typical columnar dendrites could
be observed at the bottom and middle regions as shown in
Fig. 9 (d) and (e). While an equiaxed dendritic structure is
observed in the top region as shown in Fig. 9 (f). This vari-
ation in microstructure morphology is due to the evolving
thermal gradients and solidification rates along the deposi-
tion direction, corresponding to maximum heat extraction.
Distinct layer boundary is marked by dashed lines in Fig. 9
(d), due to partial remelting of the previous layer. Similar
microstructures were also reported for other nickel-based
alloys [63, 64].

Figure 10 depicts the twin wire deposition, contrary to
single wire deposition a significant bead collapse is observed
due to the same process parameters being applied to different
materials (Er 316L Si and Er NiCrMo-13) with distinct ther-
mophysical properties. Layers corresponding to the respec-
tive materials are identified by their saturation hue as shown
in Fig. 10 (c)(d)(e) and are demarcated by dashed lines. The
dark layers correspond to the Er 316LSi, while the light con-
trast layers correspond to Er NiCrMo-13 material. Distinct
solidification phenomenon is observed. The bottom layers of
both the materials exhibit equiaxed dendritic structure. In the

» * GTAW
(C) ® Dual-pulsed

85 - [47]

80 +

[48, 49]
+ Our work
75 = [50]

[50, 51]

704
*152]

Ratio of effective area (%)

65 4
®[53]

.

E v 5mm
i ! 60

I R AT T e T AL
e A e
A :y,’;,»*v, . “.r:,"‘.n".‘ rTagy
P a1, A ey S S
% TAN L At e RN A A
e ¥ ¥ LR IR T Xy X
LGSR P EARE ST AR
X T AP ARY N v P s A Ik N
f agrar, AN A Al et g T, E
F I S &Y TSR S 2Dk B ST e
AN AT B X T O i 0 ee k¥
Q'a"f:."o:v.l'kn"’:‘*‘u‘ *r Yo
< - Y - ¥ = 1
N np et A L e TS
2% LA R O e B ]
VBN A S e R MARRE
2% ':t"i“l" Dt L il PR 2 A1 24
¥y > \«. B S A i iy 4444
ERS At e ARSI S TN Sl
| - ) ¢ P - )
SR Xk A .:Qq.’,{..!.',ll:‘,.’_‘i A o]
(;.\5:-; S !x.::y:.:"tqv gk S
PR 3 e x 8y Yo leh et
x X ¢S .
R ':‘:'\-“ah-:,gr S 0 ym

o « ) {
S SR R AR N T ST

Fig.9 (a) Single wire (Er NiCrMo-13) multi-layer deposition, (b) cross section, (c) deposition efficiency analysis of single wire deposition, (d,

e, f) bottom, middle, and top region microstructure
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Fig. 10 (a) Twin wire (Er NiCrMo-13 +Er 316L Si) multi-layer deposition, (b) cross section, (¢, d, ) top, middle, and bottom region micro-

structure

middle regions, columnar dendritic structures are observed.
While at the top region equiaxed structure is observed; how-
ever, for Er 316LSi, columnar dendritic structure is seen.
This difference is typically due to disparate thermophysical
properties corresponding to evolving temperature gradients
and cooling rates [65, 66]. However, the motion control
repeatability and coordinated operation of interconnected
systems is successfully demonstrated. As the deposition fur-
ther progressed sequentially in the build direction, the bead
began to slope downward and eventually wall collapse was
observed. This phenomenon can be attributed to inherent
WAAM process characteristics as outlined below.

At the onset of deposition (arc ignition) and at its comple-
tion (arc extinguishing), the bead geometry was not uniform.
Humping at start and slope at the end were observed, due to
backward fluid flow causing the molten pool swelling at the
trailing edge along the deposition direction. This effect is
further aggravated with increasing number of layers primar-
ily due to heat build-up from previously deposited layers,
which increases thermal inertia proportionally. And the heat
dissipation through the substrate progressively decreases and
more pronouncedly at the terminal region of the wall, where
absence of an adequate heat sink causes thermal accumu-
lation, leading to collapse [67, 68]. To mitigate slopping
and collapse issues, two approaches are recommended:
optimizing interlayer parameters or using an in situ forced
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convective cooling system to manage thermal build up
[69, 70]. However, implementation of these improvements
requires a detailed analysis and setup which is beyond the
scope of the present study. Height errors during the initial
stages of multi-layer builds caused a staircase effect but
were effectively minimized through trajectory control. This
adaption ensured smoother transitions and minimized abrupt
changes [71, 72].

4.2 Multi-bead deposition

In this section a single-layer multi-bead deposition in unidi-
rectional path, with bead deposition in the X axis and sub-
sequent overlapping along the Y axis, is depicted in Fig. 11.
Defect-free depositions were achieved using tool steel wire
(M SG 5-GZ-350 as per DIN 8555) with a diameter of 1.2
mm. Multiple bead-on-plate trials were conducted to opti-
mize parameters, with overlapping distance of 60% (a criti-
cal parameter which was obtained with reference to litera-
ture [73]). Multi-layer deposition is avoided which would
necessitate the adaption of heat management strategies as
discussed in the previous section. Downward sloping and
collapse issues were mitigated by effective heat conduc-
tion through the substrate, highlighting the repeatability
and reliability of the interconnected systems. A deposition
efficiency of 72% was achieved with the layers exhibiting
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Fig. 11 (a) Multi-bead deposition (DIN8555), (b) cross section, (¢) microstructure

good adhesion to the mild steel substrate, demonstrating
stability of process parameters employed. The cross section
of deposition as shown in Fig. 11 (b) shows no significant
irregularities that would compromise the structural integrity
of the component. Needle-like structure could be observed
in Fig. 11 (c). Due to the direct contact of the deposition
layers with the substrate, rapid heat dissipation facilitates
the martensite phase transformation [74, 75].

It is evident that from the multi-layer deposition, shown
in Fig. 9, Fig. 10, and multi-bead deposition, depicted
in Fig. 11, a deposition efficiency exceeding 70% can be
achieved. This demonstrates the machine capability to han-
dle diverse geometry paths including thin wall and thick
wall structures. Additionally, it can support multiple pro-
cesses such as WAAM, surface coating, and welding (in
autogenous and with filler wire modes) with the addition of
clamps to the substrate fixture. The self-developed nature of
the machine allows for customization and scalability, ena-
bling it to be tailored specific process.

While the current work does not showcase complex or
intricate designs, which require significant advancements
in process analysis and development, it establishes a strong
foundation for future efforts. In this study, we have effec-
tively demonstrated that the WAAM machine is capable
of achieving high deposition efficiencies (exceeding 70%)
while maintaining defect-free geometries. These results are
directly attributed to key design decisions made during the
system’s development. The synchronized operation of the

twin wire feeder and welder, controlled by the 32-bit con-
trol boards, ensured seamless material transitions with preci-
sion. Additionally, adaptive trajectory control successfully
mitigated staircase effects, resulting in smoother layer transi-
tions and enhanced structural integrity. The self-developed
nature of this machine offers scalability and customization
capabilities leveraging open-source solutions, supporting
multiple processes such as WAAM, surface coating, and
welding. These features make this design highly adaptable
to continuously evolving requirements of WAAM technol-
ogy, mitigating the need for costly proprietary upgrades,
reducing developmental time. The machine’s flexibility,
reliability, and adaptability positions it as a robust platform
for future advancements in complex shape fabrication and
multi-material deposition.

5 Conclusions

Machine building for WAAM requires a multi-faceted
approach that integrates diverse systems to execute coor-
dinated set of operations. Commercial and off-the-shelf
WAAM setup often limits adaptability, making it chal-
lenging to implement in situ auxiliary processes critical for
advancing industrial adoption. This study provides a com-
prehensive framework for designing and building an open-
source WAAM machine, ensuring scalability for future
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technological needs while promoting cost-effective and
customizable solutions.
Key contributions of this work include:

e Motion control system: A detailed analysis of various
hardware components and software used, covering selec-
tion criteria and limitations, offering users a holistic
approach to design and build customized setup modular
for multiple processes.

e Electromagnetic compatibility: Effective measures to
ensure compatibility were discussed and implemented
to ensure operational stability of interconnected systems.
These measures are critical for mitigating disruptions
commonly encountered in arc-based manufacturing pro-
cess.

e Welder and wire feeder configuration: The welder and
custom-built twin wire feeder system configuration is
elaborated and their harmonious interoperability with
the motion control system is validated through success-
ful multi-layer and multi-bead depositions.

e Material selection: Optimized material selection such
as aluminum profiles and mild steel for structural com-
ponents ensured durability and cost-effectiveness. The
machine design emphasizes vibration resistance, critical
for maintaining structural integrity and performance.

This study highlights how 3D printing, as a cornerstone
of Industry 4.0, offers smart manufacturing solutions by
enabling design freedom and customization. By overcom-
ing scalability constraints inherent in commercial setups,
this self-built approach empowers the WAAM community to
develop tailored solutions, while fostering innovation.

Additionally, the flexibility of this machine opens ave-
nues for future applications such as hybrid WAAM systems
combining additive and subtractive processes or integrating
advanced monitoring systems for autonomous operation. By
leveraging open-source frameworks, this work significantly
impacts the WAAM community by reducing costs, expand-
ing accessibility, and advancing metal additive manufactur-
ing in alignment with Industry 4.0 principles.
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