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ABSTRACT 

 

 
Desktop CNC Machine 

 
1806A012 Burhan KARABAY 
1906A930 Emre Emin OSMAN 

 
Department of Mechatronics Engineering 

Graduation Thesis Report 

 
Supervisor: Onurcan SAHIN 

 

In the era of mechatronics many product design and research projects contain 

electrical circuitry. These circuit designs many times can grow beyond what a 

breadboard can support. At these times PCBs needed to make more sophisticated 

circuits. Getting PCB prototypes from outside services can hurt intellectual 

property rights. Since designs of the circuits needed to be sent to another company 

or organization. On the other hand, making your own PCBs in the classroom or in 

laboratory either need expensive machinery or complex chemical processes. Our 

Desktop CNC Machine project aims to create a PCB prototyping method suitable 

to be used in laboratories and classroom environments to solve that problem. 

Institutions and individuals can prototype their own PCBs without any deep 

chemical knowledge or expensive machinery.  

Keywords: PCB, CNC, Prototype, Design 
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1  
INTRODUCTION 

 

1.1.1 System Overview and Operating Principle 

The Desktop CNC Machine project was developed to address a critical need for 

rapid and cost-effective PCB prototyping within academic and laboratory settings. 

Conventional fabrication methods, like chemical etching, present significant health 

hazards and demand specialized expertise. Concurrently, commercial CNC 

machines are often prohibitively expensive or overly complex for educational use. 

This project mitigates these challenges by delivering a compact, user-friendly, and 

precise desktop CNC machine capable of milling PCB substrates, wood, and soft 

metals. The primary purpose of the system is to provide a safe, affordable, and 

efficient alternative to traditional prototyping methods. 

 

Operating on a CoreXY kinematic principle, the machine achieves high-speed and 

precise two-dimensional movement by using two stationary motors. Its key 

components include a rigid frame built from 20x20 aluminum extrusions, a high-

speed direct-drive spindle, and a modern ESP32-based control system. The final 

design meets the core project requirements, including a working area of 150 × 200 

× 40 mm, a minimum track resolution of 0.2 mm, and integrated safety features like 

an emergency stop and software-controlled halts.  

1.1.2 Initial Design Considerations 

The design process began with a foundational decision regarding the machine's 

kinematic architecture, evaluating both Cartesian and CoreXY systems. While a 

Cartesian system offers straightforward control by dedicating one motor to each 
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axis, it suffers from higher inertia and a larger physical footprint due to its heavy, 

moving gantry. 

 

Following a detailed comparative analysis, the CoreXY configuration was selected 

for its clear advantages in the context of high-speed milling. The benefits that 

justified this decision include: 

  Moving Mass: By fixing the primary drive motors to the frame, the 

CoreXY system drastically reduces the inertia of the moving toolhead, 

permitting faster acceleration, quicker directional changes, and smoother 

overall motion with less vibration. 

 

 Space Optimization: The compact, cross-belt layout enables a smaller 

machine footprint, making it ideal for desktop use in constrained lab 

environments. 

 

 Cost Efficiency: For the required precision and speed, a belt-and-pulley-

based CoreXY system is more economical than a Cartesian system, which 

would necessitate more expensive precision ball screws to achieve 

comparable performance. 

1.1.3 Key Design Revisions and Justifications 

Throughout the development cycle, several critical design revisions were 

implemented to enhance performance, improve manufacturability, and manage 

costs. These improvement efforts were guided by analysis, simulation, and 

practical testing. 

 

The first area of refinement was the structural components. Initial designs for the 

gantry and belt-holding parts, intended to be 3D printed from PA12, were found 

to be cost-prohibitive. These components were subsequently re-engineered 

through iterative Finite Element Analysis (FEA). By optimizing the parts for a 

more reasonable factor of safety, it was possible to strategically reduce their mass 
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and volume, significantly lowering the printing cost without compromising the 

required structural integrity. To further bolster rigidity and increase the use of 

reliable off-the-shelf parts, the motor mountings were changed from the planned 

PA12 components to commercially available metal face plates, ensuring a stiff 

and durable connection for the NEMA 17 stepper motors. 

 

The most significant design evolution occurred in the spindle drive mechanism. 

The originally planned gantry featured a belt-driven system, with a motor 

mounted separately from the spindle. This arrangement was completely revised in 

favor of a more streamlined direct-drive spindle configuration. This transition 

eliminated the belt, pulleys, and associated mounting hardware, resulting in a 

slimmer, lighter gantry with less moving mass. This change yielded multiple 

benefits: a reduction in potential runout, leading to higher precision; lower 

maintenance requirements; and a decreased static load on the entire gantry 

assembly, contributing to greater long-term reliability. 

2  
DETAILED DESIGN 

This chapter provides a detailed breakdown of the machine's design process, from 

the initial ideas to the final product. It explains why the machine’s main parts of 

the system were chosen and describes the important changes made to them during 

development. 

2.1.1 Design Evolution and Component Selection 

The development of the Desktop CNC machine was an iterative process involving 

critical evaluation and revision of its core subsystems. Initial concepts were 

refined based on performance simulations, cost analysis, and manufacturability 

constraints. The following sections detail the evolution of the machine's design, 

justifying the key changes that led to the final prototype. 
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2.1.2 Kinematic Architecture 

The initial design phase involved a comparative analysis of two primary 

kinematic architectures: Cartesian and CoreXY. A standard Cartesian system, 

while simple to control with its independent axes, was determined to have 

significant drawbacks for this application, namely higher moving mass on the 

gantry, which limits acceleration and can introduce vibrations. 

 

Ultimately, the CoreXY configuration was selected. This system utilizes a clever 

belt arrangement where two stationary motors work in tandem to control the 

toolhead's position in the XY plane. This choice was justified by several key 

advantages: 

 

Reduced Inertia: By fixing the X and Y motors to the frame, the moving mass of 

the gantry is significantly lowered. This allows for higher acceleration and faster 

travel speeds with less vibration, which is crucial for achieving fine detail in PCB 

milling. 

Compact Footprint: The CoreXY design is inherently more space-efficient, 

making it better suited for a desktop environment. 

Cost-Effectiveness: The reliance on timing belts and pulleys proved more 

economical than the high-precision ball screws that would be required to achieve 

comparable performance in a Cartesian system. 

2.1.3 Mechanical Structure and Materials 

The frame's design evolved to balance rigidity, weight, and manufacturing cost. 

The final design employs a hybrid structure, combining 20x20 mm aluminum 

extrusions for the main framework with custom structural components fabricated 

from Polyamide 12 (PA12) using Powder Bed Fusion (PBF) 3D printing. This 

approach was chosen because: 

 Aluminum extrusions provide a strong, modular, and lightweight 

foundation. 
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 PBF-printed PA12 parts offer high mechanical strength and allow for 

complex geometries. During development, these printed parts were 

optimized using FEA to reduce their mass and, consequently, their printing 

cost, without compromising structural integrity. 

A key revision to enhance rigidity and leverage off-the-shelf components was the 

decision to replace the initially planned PA12-printed NEMA 17 motor mounts 

with commercially available metal face plates. This change improved the stiffness 

of the motor assembly, ensuring that motor torque is transferred to the belts with 

minimal deflection. 

2.1.4 Motion Transmission System 

Revisions to the motion transmission system were aimed at maximizing speed and 

precision while eliminating mechanical inaccuracies. 

 

XY-Axis: The initial consideration of lead screws for the XY-axis was replaced 

with a GT2 timing belt and pulley system. This change was critical for eliminating 

backlash and enabling the high-speed, responsive movements characteristic of the 

CoreXY architecture. 

Z-Axis: In contrast, a T8 lead screw was retained for the Z-axis. Precision in the 

vertical direction is paramount for controlling the milling depth on a PCB. A lead 

screw provides higher resolution and holding torque. To further enhance accuracy, 

an anti-backlash nut was integrated, minimizing positional errors during changes 

in vertical direction. 

  



15 

2.1.5 Electronics and Control System 

The control system was upgraded to provide more processing power and modern 

connectivity features. While a standard GRBL-based controller on an Arduino 

platform was initially considered, the final implementation features an ESP32 

microcontroller running FluidNC firmware. This upgrade was justified by: 

 Enhanced Performance: The dual-core ESP32 offers significantly more 

processing power, enabling smoother operation and real-time adjustments. 

 Connectivity: Integrated Wi-Fi and Bluetooth allow for wireless machine 

control, file transfer, and monitoring. 

 Flexibility: FluidNC is a highly configurable firmware that is well-suited 

to the non-standard kinematics of a CoreXY system. 

2.1.6 Spindle and Drive System 

The spindle and its drive system underwent a significant revision to reduce weight 

and improve performance. The originally planned configuration featured a 

separate motor and spindle connected by a belt. This was revised to a more 

streamlined direct-drive system. This transition eliminated the belt, pulleys, and 

associated mounting hardware, leading to a slimmer and lighter gantry. The 

benefits of this change were threefold: it reduced the moving mass, minimized 

potential runout for better precision, and lowered maintenance requirements. 

To power this direct-drive system, a high-speed Brushless DC (BLDC) motor 

(10,000-25,000 RPM) was selected over a simpler brushed motor. To manage it, a 

custom Electronic Speed Controller (ESC) was designed, allowing the main 

controller to precisely regulate the spindle's speed for optimal cutting conditions. 
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2.1.7 Detailed Design 

 

2.1.8 Mechanical Design 

The mechanical architecture of the Desktop CNC Machine is optimized for 

rigidity, precision, and ease of assembly. The design can be broken down into 

several key subsystems, each with specific components chosen to meet the 

machine's performance goals. 

 

Figure 2.1 Desktop CNC Machine 
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Figure 2.2 Techincal Drawing of Machine 

 

2.1.8.1 Frame and Structural Components 

The foundation of the machine is a rigid frame constructed from 20x20 aluminum 

extrusions. This material was chosen for its excellent strength-to-weight ratio, 

inherent modularity, and cost-effectiveness. The T-slot design allows for easy 

assembly and future modification. To connect these extrusions and mount other 

components, custom structural parts were fabricated from Polyamide 12 (PA12) 

using PBF 3D printing. This allowed for the creation of complex geometries that 

would be difficult or expensive to machine. These PA12 parts, including idler 

pulley holders and gantry mounts, were optimized using FEA to reduce material 

usage and printing costs while maintaining structural integrity. For maximum 

rigidity at critical load points, the NEMA 17 stepper motors are mounted using 
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standard off-the-shelf metal face plates, preventing any flex or vibration at the 

source of the machine's motion.  

 

Figure 2.3 Frame Dimensions 

 

Figure 2.4 Frame Components 
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2.1.8.2 Linear Motion System 

The gantry's movement is facilitated by a carefully selected set of linear motion 

components. For the Y-axes (the longer travel distance), MGN12H linear rails and 

carriages were chosen. These provide high rigidity and smooth, low-friction 

travel, which is essential for preventing any sag or vibration along the length of 

the axis. For the shorter X-axis, the system uses two 10mm chrome-plated 

induction rods paired with four LM10UU linear bearings. This combination 

provides a robust and precise guide for the toolhead while being lighter than an 

additional linear rail, thus reducing the overall moving mass of the gantry. To 

ensure the vertical movement of the Z-axis is stable and constrained, it is guided 

by two 6mm chrome-plated rods running through LM6UU linear bearings. This 

setup provides the necessary stability for precise depth control without adding 

significant weight to the toolhead assembly. 

2.1.8.3 Drive and Transmission System 

The motion is generated by three NEMA 17 stepper motors. Two standard NEMA 

17 motors are used to drive the CoreXY system, transmitting their motion via a 

GT2 timing belt and pulley system. This setup is ideal for the machine's 

kinematics, offering zero backlash, high-speed capability, and quiet operation. 

The third motor is a specialized NEMA 17 model with an integrated T8 lead 

screw serving as its shaft. This motor directly drives the Z-axis, a configuration 

that simplifies the design and reduces component count. For this axis, where 

precision depth control and holding force are more critical than speed, the 

integrated 2mm pitch lead screw is paired with a brass anti-backlash nut. This 

spring-loaded nut eliminates play and ensures accurate, repeatable vertical 

positioning. 
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Figure 2.5 Gantry Holder Dimensions 

 

Figure 2.6 Gantry Holder Components 
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2.1.8.4 Gantry and Toolhead Assembly 

The toolhead assembly is designed to be as lightweight and compact as possible. 

The most significant feature of the assembly is the direct-drive spindle. By 

mounting the BLDC motor directly in line with the tool collet, the need for belts, 

pulleys, and extra mounting hardware is eliminated. This not only reduces weight 

and complexity but also minimizes potential sources of runout and vibration. To 

achieve this, a custom spindle was engineered. An ER11 chuck holder with an 

8mm shaft was machined on a CNC lathe to create an interference fit with the 

5mm shaft of the BLDC motor. This robust, precisely aligned connection is 

supported by a MOCHU 708C angular contact bearing, which is designed to 

handle both axial and radial loads at high speeds, ensuring the spindle remains 

stable and balanced during operation. The assembly is completed with a 1/8-inch 

spring collet chuck at the tip, which provides secure and accurate clamping of the 

milling bits, leading directly to higher milling precision. 

 

Figure 2.7 Gantry 
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Figure 2.8 Gantry 

 

 

Figure 2.9 Z Axis 
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Figure 2.10 Z Axis  
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2.1.9 Electrical Design 

 

The electrical system architecture is fundamental to the precise operation of the 

Desktop CNC Machine, encompassing motion control, spindle regulation, and 

user interface communication. The design consists of a main controller board 

featuring the terminal adapter for ESP32, a dedicated stepper motor drivers board, 

a separate Electronic Speed Controller (ESC) for the spindle, and a structured 

signal level shifter board for limit switches. 

 

Figure 2.11 ESP32 

 

At the core of the control system is the ESP32, a powerful and versatile 

microcontroller selected for its significant advantages over comparable 

alternatives. The ESP32 offers high performance, integrated Wi-Fi and Bluetooth 

capabilities, and extensive I/O support, making it well-suited for applications 

requiring real-time processing and connectivity. Its low cost, low power 

consumption, and robust support ecosystem further establish it as an ideal choice 

for the project's main software and control coordination tasks. 

The motion control subsystem is implemented on a dedicated circuit board 

populated with three TMC2208 SilentStepStick drivers. These drivers are 

responsible for controlling the NEMA 17 stepper motors that actuate the 

machine's gantry with precision and reliability. 

The selection of the SilentStepStick form factor was strategic, as it is hardware-

compatible with the widely adopted StepStick and Pololu A4988 drivers common 
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in desktop CNC and 3D printing applications. However, the TMC2208 drivers 

were specifically chosen over these alternatives due to their superior performance, 

offering significantly quieter operation, higher efficiency, and smoother motor 

performance. This industry-standard compatibility simplified the integration 

process, as the pinout and operational principles are well-documented within 

numerous open-source projects.  

In Figure 2.2 you can see the electrical connections made to our microcontroller.  

 

 

Figure 2 Schematic of the Controller 
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Figure 2.12 Terminal Adapter for ESP32 

 

Figure 2.13 Stepper Driver Motor 
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Alongside our controller circuit, a custom logic level shifter board was designed 

to interface with the GL-8H Inductive Proximity Sensors used as limit switches. 

These sensors provide non-contact limit detection for the X and Y axes, which 

offers several advantages over traditional mechanical limit switches. Because the 

gantry does not physically touch any part of the frame during homing, mechanical 

wear and tear is eliminated. This results in a longer service life, higher 

repeatability, and greater resistance to environmental factors like dust or debris 

that can interfere with mechanical contacts. However, these sensors require a 24V 

supply, creating a voltage mismatch with the ESP32 controller, which operates on 

3.3V logic. This problem necessitated a solution for translating between the two 

different digital voltage levels. 

This type of voltage translation is accomplished using a Logic Level Shifter. A 

logic level shifter is an electronic circuit that enables components operating at 

different voltages to communicate. It safely converts the 'high' and 'low' voltage 

signals from one level to another. For this application, a circuit was designed 

using optocouplers to electrically isolate the two different voltage levels. The 

4N35 optocoupler was selected because it can withstand a difference of up to 

5000V RMS while introducing a relatively short rise/fall time delay of 10µs. 

While this level of isolation is far more than required, the component's low cost 

and reliable performance characteristics made it a convincing choice. The 
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resulting delay is negligible for the limit switch function, ensuring safe and 

reliable operation.  

 

 

Figure 2.14 4N35 Optocoupler and Pinout 

 

Figure 2.15 Logic Level Shifter Schematic 
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Figure 2.16 Logic Level Shifter 

For the spindle's Electronic Speed Controller (ESC), the Surpass Hobby Flier 80A 

was selected. While its 80A current rating was in excess of the system's 

requirements, this specific model was chosen for a critical reason: its ability to 

support a 24V input. Many hobbyist-grade ESCs with lower current ratings are 

designed to operate with up to 4S LiPo batteries (approximately 16.8V) and 

cannot handle the 24V needed for this project's spindle motor. The Flier 80A, 

being compatible with 6S LiPo batteries, provided the necessary voltage support, 

making it a practical, if oversized, solution for this application. 

 

Finally, the spindle itself is powered by a SunnySky X Series V3 X3520 brushless 

outrunner motor. Typically used in high-performance RC aircraft, this motor was 

chosen for characteristics that make it exceptionally well-suited for a CNC 

spindle. Its ability to achieve very high RPMs is critical for PCB milling, as it 

allows small-diameter engraving bits to cut cleanly through copper and substrate 

with minimal force. Furthermore, these motors are precision-balanced to ensure 

smooth, low-vibration operation, which directly translates to a better surface 

finish and higher accuracy on the workpiece. Lastly, its excellent power-to-weight 
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ratio provides more than enough torque for the application without adding 

unnecessary mass to the moving gantry, a key consideration for maintaining the 

high-speed performance of the CoreXY system. 

 

Figure 2.17 X3520 III Spindle 

2.1.10 Software and Control 

The machine's operation is governed by a two-stage software workflow that 

translates a digital PCB design into physical motion. This process involves G-

code generation using Computer-Aided Manufacturing (CAM) software and G-

code interpretation by the onboard CNC controller firmware. 

 

 G-Code Generation with Antfarm 

For this project, the open-source software Antfarm was selected to perform the 

CAM operations. Antfarm specializes in generating G-code for PCB milling from 

standard Gerber files, which are exported from PCB design software like KiCad. 

The typical workflow in Antfarm involves importing the Gerber files for the 

copper layers and board outline. The user then defines key machining parameters, 

such as the tool diameter (e.g., a 0.2mm V-bit), cutting depth for isolation routing, 

and feed rates. Antfarm processes this information to generate toolpaths for 

isolation milling, drilling, and board cutout operations, outputting a standard 

.gcode file that contains the sequential machine instructions. 

 

 CNC Control with FluidNC 
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The .gcode file is then sent to the ESP32, which runs the open-source FluidNC 

firmware. FluidNC acts as the machine's operating system, responsible for parsing 

G-code commands and translating them into precise electrical signals for the 

stepper motors and spindle. Upon receiving a G-code command (e.g., G1 X10 

Y20 F100), FluidNC's motion planner calculates the required number of steps for 

each motor, taking into account the machine's specific configuration, such as the 

CoreXY kinematics and steps-per-millimeter settings. It then sends timed pulse 

signals to the TMC2208 drivers to execute the movement. FluidNC also manages 

other critical functions, such as handling limit switch inputs for homing, 

controlling spindle speed via PWM signals to the ESC, and providing a web 

interface for machine control and monitoring. The overall data flow, from design 

to execution, is visualized in the system's operational flowchart (see Figure X.X). 

 

 

Figure 2.18 Machine Workflow 
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Figure 2.19: Flow Chart of CNC Software 
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3  
PROCUREMENT AND MANUFACTURING 

 

This chapter details the sourcing and production strategies for the various 

mechanical and electrical components that constitute the Desktop CNC machine. 

The approach combined custom in-house manufacturing for critical parts, 

outsourcing for specialized fabrication, and procurement of standard components 

from various suppliers. 

 

3.1.1 Custom Mechanical Components 

Spindle Shaft: An off-the-shelf ER11 chuck holder with an integrated shaft 

served as the base material. 

 Modification and Manufacturing: This part was custom machined on a 

CNC lathe. The primary operation was to create a precise 5 mm inner 

bore, 15 mm in depth. This bore was machined to an H7/p6 tolerance to 

achieve robust interference fit with the 5 mm shaft of the BLDC motor, 

ensuring a solid and concentric connection. 

 Quality Control: After machining, the concentricity of the shaft was 

verified with a dial indicator to ensure minimal total indicated runout 

(TIR), a crucial factor for achieving precision in milling operations. 

PA12 Structural Parts: Custom components, such as gantry mounts and idler 

pulley holders, were fabricated using an HP Multi Jet Fusion 3D printer, 

which operates on the Powder Bed Fusion (PBF) process. 

 Process: 3D models were finalized in Fusion 360 CAD software and 

exported as .stl files. These files were then sent to a professional 3D 

printing service for manufacturing. 



34 

 Material: Polyamide 12 (PA12) was chosen for its high mechanical 

strength, dimensional stability, and good wear resistance, making it 

suitable for functional mechanical parts. 

Machine Bed (Spoilboard): The machine's work surface was created from a 

readily available material. 

 Material and Manufacturing: A standard sheet of hardboard was used 

for the bed. A piece was cut to the required dimensions of 150mm x 

200mm using basic workshop tools. This served as a flat, stable, and 

sacrificial surface (spoilboard) for mounting workpieces. 

 

3.1.2 Standard Mechanical Components 

Standard mechanical parts were procured from local distributors such as Doğuş 

Kalıp, İstanbul Cıvata, and Rhino3D. The selection was based on a combination 

of cost, availability, and specified technical requirements. 

 Frame: 20x20 aluminum extrusions, ordered pre-cut to specified lengths. 

 Linear Motion Components: MGN12H linear rails, LM10UU & 

LM6UU bearings, and the corresponding 10mm & 6mm chrome-plated 

induction rods. 

 Drive Components: GT2 timing belts, pulleys, and the anti-backlash nut. 

 Spindle Support Bearing: MOCHU 708C angular contact bearing. 

 Fasteners: All standard metric fasteners, including M3, M4, and M5 

screws, T-nuts, and washers. 

 

3.1.3 Custom Electrical Components 

The project required the design and fabrication of two custom Printed Circuit 

Boards (PCBs) to integrate the electronics neatly. 

 Design and Fabrication Process: Both boards were designed using the 

EDA software KiCad. The process involved schematic capture followed 
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by PCB layout. Once the layout was finalized and passed design rule 

checks (DRC), Gerber and drill files were generated. These files were then 

sent to a professional PCB fabrication house for manufacturing. 

 Assembly: Upon receiving the bare PCBs, components were soldered in-

house. This included soldering the sockets for the ESP32 and TMC2208 

drivers, as well as all passive components like resistors and capacitors. 

 Testing: Each board was tested for continuity and shorts with a 

multimeter before power-up. After assembly, the boards were powered on 

and tested functionally by uploading firmware to the ESP32 and verifying 

motor output signals. 

 

3.1.4 Motion System and Standard Electronics 

Motors: 

 The two standard NEMA 17 stepper motors and the single NEMA 17 

with an integrated T8 lead screw were procured from a specialized 

online supplier for robotics and automation components. 

 The SunnySky X Series V3 X3520 BLDC motor was sourced from a 

reputable hobby supplier specializing in high-performance RC 

components. 

Motor Drivers & Control: 

Motors: 

 Two standard NEMA 17 stepper motors and one NEMA 17 with an 

integrated T8 lead screw. 

 The SunnySky X Series V3 X3520 BLDC motor. 

Motor Drivers & Control: 

 The ESP32-DevKitC module and the TMC2208 stepper drivers. 

 The Surpass Hobby Flier 80A ESC. 

Sensors and Power: 
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 GL-8H Inductive Proximity Sensors. 

 A 24V DC power supply. 

 All discrete electronic components for the custom PCBs (4N35 

optocouplers, resistors, capacitors, connectors). 

 

 

4  
PROTOTYPE ASSEMBLY AND SYSTEM 

INTEGRATION 
This chapter details the sequential process of assembling the CNC machine 

prototype, integrating its various subsystems, and conducting initial operational 

tests. The assembly followed a parallel path, with mechanical and electrical 

systems being built simultaneously before final integration. 

 

4.1 Mechanical Assembly and Integration 

The assembly process began with the foundational components and followed an 

iterative validation approach. 

1. Frame Construction: The basic cubic chassis was assembled first using 

the pre-cut 20x20 aluminum profiles and corresponding fasteners. This 

provided the rigid skeleton upon which all other components would be 

mounted. 

2. Iterative Part Validation: Concurrently, the custom-designed PA12 parts 

were prototyped using readily accessible and low-cost Fused Deposition 

Modeling (FDM) 3D printers. These test prints were used to validate the 

fitment and dimensions of the parts against the assembled aluminum 

frame. This step was crucial for identifying design flaws early and making 

necessary adjustments in the CAD models before committing to the more 
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expensive final manufacturing process. 

 

Figure 0.20 Test Fit 

3. Final Component Manufacturing: Once the designs were confirmed, the 

final models were sent to a professional printing service for fabrication via 

Powder Bed Fusion (PBF). While waiting for these parts to arrive, the 

assembly of other subsystems continued. 

4. Gantry Assembly: Upon receiving the high-quality PBF-printed parts, the 

full gantry was assembled. This involved mounting the pulleys, motors, 

and linear motion components onto the chassis and routing the timing 

belts. 
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Figure 0.21 Gantry Assembly 
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5. Spindle Integration and Problem Solving: A significant challenge arose 

during the initial testing of the fully assembled gantry. The off-the-shelf 

5mm ER11 adapter exhibited excessive dimensional tolerance, resulting in 

severe vibration and runout when the spindle was activated. This issue 

made precision milling impossible. To resolve this, a critical design 

change was implemented: a new ER11 adapter with an interference fit was 

custom-manufactured, as detailed in Chapter 3. This new part eliminated 

the vibration and provided the necessary stability for the spindle. 

6. Final Touches: The last mechanical component to be integrated was the 

spoilboard, which was cut to size by a local carpenter and installed on the 

machine's base to serve as the work surface. 
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Figure 0.21 Mostly Completed 

4.2 Electrical and Electronics Integration 

In parallel with the mechanical build, the electronic systems were prototyped and 

prepared for final integration. 

1. Breadboard Prototyping: While awaiting the arrival of the final PBF 

parts, the entire control system—including the ESP32, motor drivers, and 
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sensors—was assembled on breadboards. This allowed for early testing of 

the electrical connections, motor control logic, and sensor functionality in 

a low-risk, easily modifiable environment. 

2. Hand-Soldered Boards: After successful validation on the breadboard, 

the circuits were transferred to a more permanent medium. The 

components were hand-soldered onto copper-clad pertinax boards. This 

step served as an intermediate prototype before the final custom PCBs 

were designed and ordered, ensuring the circuit design was robust. 

3. Final Integration and Cabling: Once the mechanical frame and gantry 

were fully assembled, the final custom PCBs and other electronic 

components were mounted. This final step involved neatly routing all 

cables for motors, sensors, the ESC, and power supply, ensuring they did 

not interfere with the machine's movement. 

 

4.3 Software Implementation and HMI 

With the hardware assembled, the focus shifted to software configuration and user 

interface. 

 Firmware Configuration: The FluidNC firmware was flashed onto the 

ESP32. The critical step in the software integration was configuring the 

central config.yaml file. This file was customized with the machine’s 

specific parameters, including the CoreXY kinematics, calculated steps-

per-millimeter for each axis, motor pin assignments, and settings for the 

inductive limit switches. 

 Human-Machine Interface (HMI): The primary user interface is the 

FluidNC web portal, which is hosted directly by the ESP32 and accessible 

via a Wi-Fi connection. This browser-based HMI allows the user to 

perform all essential machine operations without needing to be physically 

connected via USB. Key functionalities include manually jogging the 

machine's axes, loading and executing G-code files, monitoring the real-

time position and status of the machine, and sending custom commands 

through a console. 
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4.4 Initial Operational Tests 

The final stage of integration involved a series of tests to ensure all subsystems 

worked together as a cohesive whole. 

1. Power-up and Connectivity: The machine was powered on, and the Wi-

Fi connectivity to the FluidNC web interface was confirmed. 

2. Motion System Checks: Initial tests involved jogging each axis manually 

via the HMI to confirm correct motor direction and smooth movement. 

The homing sequence was then tested to verify that the inductive limit 

switches were functioning correctly. 

3. Calibration: The steps-per-millimeter values were calibrated by 

commanding the machine to move a set distance and measuring the actual 

travel with a digital caliper, making fine adjustments in the configuration 

file as needed. 

4. First "Air-Cutting" Test: A simple G-code program was executed 

without a tool or workpiece to observe the machine's motion patterns and 

verify that the control system could correctly interpret and execute a 

complete job from start to finish. It was during these initial spindle-active 

tests that the critical vibration issue with the original ER11 collet was 

identified, leading to its redesign. 

5  
CONCLUSION 

General Evaluation and Achievement of Goals 

This project successfully navigated the complete design cycle of a mechatronic 

system, from conceptualization and component selection to manufacturing, 

assembly, and testing. The primary goal—to create a cost-effective, precise, and 

user-friendly desktop CNC machine for in-house PCB prototyping—was 
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successfully achieved. The final prototype is a fully functional machine that 

integrates a robust mechanical frame, a precise CoreXY motion system, and a 

modern, network-enabled control system. Key design requirements, such as the 

target work area and trace resolution, were met, providing a viable alternative to 

hazardous chemical etching or expensive commercial machines. 

Main Findings 

Throughout the project, several key findings emerged from the design, analysis, 

and testing phases: 

 Importance of Component Tolerances: The most significant finding was 

the critical impact of component tolerance on dynamic performance. Initial 

tests with an off-the-shelf ER11 collet adapter resulted in severe spindle 

vibration, rendering the machine unusable for precision work. This 

underscored the necessity of engineering a custom, interference-fit 

solution to achieve the required stability at high RPMs. This experience 

highlighted that in high-performance systems, the quality of individual 

components and their interfaces can be a primary limiting factor. 

 Effectiveness of Hybrid Manufacturing: The strategy of combining off-

the-shelf aluminum extrusions with custom, cost-optimized PA12 parts 

proved to be highly effective. It allowed for a rigid and reliable machine 

structure while managing costs and leveraging the geometric freedom of 

additive manufacturing. 

 Advantages of Modern Control Systems: The decision to use an ESP32 

with FluidNC firmware was validated during testing. The system provided 

reliable control, easy configuration, and a highly accessible web-based 

HMI, confirming that modern, open-source platforms can offer powerful 

and user-friendly control solutions for complex mechatronic systems. 

Future Vision and Potential Development 

While the current prototype successfully meets its core objectives, there are 

several avenues for future development that could further enhance its 

performance, capabilities, and user experience. 
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 Performance Enhancements: To improve performance, especially when 

machining soft metals, a more powerful BLDC motor could be integrated. 

For even greater accuracy, the open-loop stepper motors could be 

upgraded to a closed-loop system, which would provide real-time position 

feedback to correct for any missed steps. 

 Advanced Features and Automation: A significant upgrade would be 

the implementation of an Automatic Tool Changer (ATC). This would 

allow the machine to perform complex jobs requiring multiple tools (e.g., 

different drill sizes and end mills) without manual intervention. 

Additionally, integrating a more sophisticated Z-probe or a touch plate 

would enable fully automated work-coordinate setup and surface mapping. 

 Adaptation for Different Applications: The modular design of the 

machine lends itself well to adaptation for other manufacturing processes. 

A swappable toolhead system could be developed to allow the machine to 

function as a laser engraver/cutter by adding a diode laser module, or as a 

3D printer by adding a filament extruder and heated bed. This would 

transform the device from a dedicated PCB prototyper into a multi-

functional desktop fabrication tool. 

 Enclosure and Safety: For improved safety and dust management, a full 

enclosure could be designed. This would contain machining debris and 

could be integrated with an air filtration system and interlocking safety 

switches on the door. 
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Figure 5.22: Joint 1 

 

Figure 5.23: Idle Pulley Holder Left 
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Figure 5.24: Idle Pulley Holder Right 

 

Figure 5.25: X Axis Holder 
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Figure 5.26:Z Axis Holder 

 

Figure 5.27:Y Axis Holder 
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Figure 5.28: Deflection Analysis on Fusion 360 for whole machine 
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