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Abstract: The need for cost-effective and rapid prototyping of printed circuit boards (PCBs)
has grown significantly in recent years, especially among hobbyists, engineers, and small
businesses. Traditional PCB fabrication methods such as chemical etching and
photolithography are not well-suited for small-scale production due to their high costs and
complex processes. This paper presents a comprehensive literature review of low-cost CNC
machine-based approaches for PCB prototyping, specifically focusing on marker-based
printing techniques. These methods, which use CNC plotters equipped with conductive ink to
draw PCB layouts directly onto copper substrates, offer an accessible alternative to traditional
PCB manufacturing. This review highlights the principles behind CNC-based PCB
fabrication, examines key advancements in marker-based printing, and discusses the

advantages, challenges, and future research directions for this technology.
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Introduction

The rapid evolution of electronics and the increasing demand for custom designs have
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significantly impacted the field of printed circuit board (PCB) manufacturing. PCBs are
fundamental to nearly every electronic device, serving as the backbone for connecting and
supporting electronic components. However, traditional PCB fabrication methods, such as
chemical etching and photolithography, present substantial challenges when it comes to
small-scale production or rapid prototyping. These techniques are typically cost-prohibitive
and time-consuming for hobbyists, engineers, and small businesses, especially when only a
few units are needed. Consequently, there is a growing need for more affordable, flexible,
and accessible methods of PCB fabrication.

One promising solution is the use of low-cost CNC (Computer Numerical Control) machines,
which can provide a more efficient and affordable alternative to traditional PCB
manufacturing. Specifically, CNC plotters equipped with marker pens are emerging as a
viable tool for PCB prototyping. This approach eliminates the need for expensive equipment
such as photomasks, etching tanks, or specialized milling machines. Instead, the PCB design
is directly printed onto a copper substrate using a conductive ink, such as silver or carbon-
based ink. The design is drawn by a CNC plotter, which moves the marker pen with high
precision, forming the necessary traces and pads on the copper surface.

The primary advantage of this method is its low cost and accessibility. Unlike traditional
PCB fabrication processes, which require large-scale industrial equipment, marker-based
CNC systems can be built with relatively inexpensive off-the-shelf components. This makes
them ideal for low-budget applications and small-scale or prototype-based production.
Furthermore, these machines offer a rapid prototyping advantage: designs can be iterated and
tested more quickly, enabling faster development cycles for new electronic devices.

In addition to cost savings and speed, the environmental benefits of marker-based PCB
fabrication should not be overlooked. Traditional PCB manufacturing processes often involve
the use of hazardous chemicals, such as ferric chloride for etching, which are not only
harmful to the environment but also pose risks to human health. By using a marker-based
approach, which eliminates the need for chemical etching, the overall environmental impact
of PCB production can be greatly reduced.

Despite these advantages, there are several challenges to overcome, including issues related
to ink conductivity, precision, and durability of the printed traces. However, with ongoing
advancements in conductive ink technology and CNC machine precision, marker-based PCB
prototyping holds significant promise as a cost-effective and environmentally friendly

solution for small-scale electronics manufacturing.

International journal of computing & decision sciences 69



Volume 3 Issue 2 ISSN: 2945-3119

This paper aims to explore the potential of low-cost CNC machines, specifically those using
marker-based printing techniques, as an alternative method for PCB prototyping. The review
examines current research, evaluates the advantages and limitations of these methods, and

discusses future directions for this emerging technology..

Traditional PCB Manufacturing Methods

Overview of PCB Fabrication Techniques

Traditional PCB manufacturing involves multiple stages, including design, printing, etching,
and assembly. The process begins with creating the PCB design using CAD software (e.g.,
Eagle or KiCad), followed by transferring the design onto a copper substrate, usually via
photomasks in photolithography. The unwanted copper is then removed using chemical
etching, and the board is drilled for component placement. While these methods are effective
for large-scale production, they are costly and time-consuming for small runs, particularly for
prototypes or one-off designs.

Photolithography, in particular, requires specialized equipment such as UV light sources and
photomasks, making it unsuitable for small-scale or low-budget applications (Kumar & Patel,
2021). Chemical etching, on the other hand, involves the use of hazardous chemicals like
ferric chloride or ammonium persulfate, raising environmental concerns and safety issues

(Salas & Alonso, 2018).

CNC Milling for PCB Prototyping

CNC milling is another method that has been explored for PCB prototyping. In this process, a
CNC machine is used to mechanically mill away copper from the PCB, creating the
necessary traces. While this method offers high precision and flexibility, it is relatively
expensive due to the need for specialized milling tools and machine setups (Lee & Kim,
2016). Moreover, CNC milling is not well-suited for fine traces or complex designs, which

limits its effectiveness for many PCB applications.

CNC Plotter-Based PCB Prototyping
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Marker-Based Printing Approach

CNC plotters, when equipped with a marker or pen, offer a more affordable and accessible
alternative for PCB fabrication. In this approach, the design layout is transferred directly onto
a copper substrate using a marker pen that contains conductive ink, such as silver or carbon-
based ink. The ink forms the PCB traces, and additional steps such as component placement
and soldering can be carried out afterward (Sharma et al., 2019).
The key advantage of this approach is its simplicity and low cost. By eliminating the need
for expensive chemicals or specialized etching equipment, marker-based CNC prototyping
offers a more cost-effective solution for small-scale PCB production (Hossain & Yoon,
2018). The flexibility of CNC plotters also allows for rapid design modifications and

iteration, making it ideal for prototyping applications.

Key Research and Developments

Several studies have explored the use of CNC plotters for PCB prototyping. Hwang and Lee
(2015) demonstrated the potential of low-cost CNC machines for small-batch PCB
manufacturing, highlighting the significant cost reductions compared to traditional methods.
Sharma et al. (2019) developed a CNC plotter-based PCB printer that used a standard marker
and carbon-based ink, showcasing the feasibility of this approach for hobbyists and small
businesses. The study noted that while carbon-based inks were affordable, their conductivity
was limited, which could be problematic for high-performance applications.

Other research has focused on the use of more conductive inks to improve the quality and
reliability of PCB traces. Pires et al. (2020) investigated the use of silver nanoparticle ink,
which provides higher conductivity than carbon-based inks but at a higher cost. Their
findings suggest that silver-based inks offer a promising solution for more complex PCB

designs, although their cost may limit widespread adoption for low-budget applications.

Advantages of CNC Plotter-Based PCB Printing

The advantages of using CNC plotters with marker-based printing for PCB prototyping
include:
e Low Cost: By eliminating the need for photomasks, etching chemicals, and

specialized milling tools, this method significantly reduces material and setup costs
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(Zhi & Zhang, 2017).

e Simplicity and Accessibility: CNC plotter-based systems are easy to set up and
operate, making them accessible to hobbyists, engineers, and small businesses
(Rahman & Singh, 2019).

e Environmental Benefits: The elimination of hazardous chemicals makes this
approach more environmentally friendly compared to traditional PCB
manufacturing methods (Salas & Alonso, 2018).

e Rapid Prototyping: The ability to quickly modify designs and produce new
iterations without the need for new equipment or photomasks enables faster

prototyping and testing (Kain & Nair, 2017).

2.1Challenges and Limitations

Despite its advantages, marker-based CNC prototyping faces several challenges:

e Ink Conductivity: The conductivity of the ink is crucial for the success of the
method. While silver inks provide good conductivity, they are expensive, and
carbon-based inks may not be suitable for high-performance applications (Goh &
Teo, 2020).

e Precision and Resolution: The resolution of CNC plotters and the marker pen itself
limits the fineness of the traces that can be drawn. High-frequency or densely
packed designs may not be feasible with this method (Lang & Feng, 2019).

e Durability: The printed traces may not be as durable or reliable as those created
through traditional etching, especially under high-current or harsh environmental

conditions (Jafari & Ghasemi, 2017).

Future Directions and Research Needs

Improving Conductive Inks

One of the main areas for future research is the development of affordable, high-performance
conductive inks. Silver inks, although effective, are expensive, and alternative inks that offer
similar conductivity at a lower cost are needed (Goh & Teo, 2020). Furthermore, improving
the adhesion and durability of conductive inks will help enhance the performance of marker-

based PCB prototyping systems (Pires et al., 2020).
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Enhancing Precision and Resolution

Future developments in CNC plotter technology, including improvements in the resolution of
the machines and the use of finer markers, will increase the precision of the printed traces.
This would enable the production of more complex and dense PCBs, expanding the

applicability of marker-based printing for a wider range of PCB designs (Lu & Huang, 2018).

Automation and Integration

Integrating CNC plotter-based PCB printing with other automated processes, such as
automated drilling and component placement, could streamline the entire PCB prototyping
workflow. Research in this area could lead to fully automated, low-cost PCB fabrication

systems, ideal for small-batch production and rapid prototyping (Kumar & Gupta, 2017).

Conclusion

Low-cost CNC machines equipped with marker pens offer a promising alternative to
traditional PCB manufacturing methods. By utilizing conductive inks, these systems simplify
the PCB fabrication process, reduce costs, and make it more accessible for small-scale
prototyping. While challenges related to ink conductivity, precision, and trace durability
remain, ongoing research and technological advancements hold the potential to overcome
these limitations. As the demand for affordable and rapid PCB prototyping continues to grow,

marker-based CNC systems could play a key role in meeting this need.
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