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Abstract

Computer numerical control (CNC) wood carving technology is increasingly becoming an integral part of the wood
processing industry in Vietnam, gradually replacing traditional wood carving methods. This technological advancement
not only enhances the aesthetic quality of wood products but also significantly reduces production time and labor costs.
However, most manufacturers of CNC wood carving machines do not disclose their design processes, making it
challenging for users to select machines that meet their specific requirements. This study focuses on the design and
development of a small-scale, 3-axis CNC wood carving machine. The objective is to create a machine that is fully
functional, efficient, cost-effective, and easy to maintain. The research includes the conceptual design, 3D modeling, and
simulation of the machine, emphasizing precision, smooth operation, and minimal error rates. Finite element analysis
(FEA) was conducted to validate the structural durability of the 3D model. Following the simulation, a prototype was
fabricated and tested. Experimental results demonstrate that the machine can effectively perform a range of tasks—
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including carving, milling, and drilling—on materials such as wood, mica, and soft metals like aluminium.

CNC wood carving, 3-Axis CNC machine, Prototype development, Finite element analysis (FEA), Design and fabrication.

1.Introduction

Wood, as a natural material, provides enduring
aesthetic appeal and remarkable adaptability for
engraving. The distinctive grains and textures of
wood ensure that each engraved piece is unique; even
when using the same wood type, variations in natural
patterns result in truly one-of-a-kind outcomes for
every project. Wood engraving is one of the most
popular art forms known to mankind. In ancient
times, this craft was performed manually using
primitive tools such as chisels and hammers,
requiring a significant amount of time and physical
labor. Wood engraving technology has made
significant advancements over the past decades,
evolving from simple mechanical systems to modern
engraving machines utilizing computer numerical
control (CNC) and laser technology.
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This development has not only greatly improved the
precision and speed of engraving but has also
expanded the creative possibilities and flexibility in
producing complex decorative and furniture products
[1, 2].

There are currently several types of popular wood
engraving machines, each suited to different
requirements.

First, CNC engraving machines are available in
various models, ranging from 3-axis, 4-axis to 5-axis
systems [3-6]. The 3-axis CNC machines can move
the engraving head along the X, Y, and Z axes,
making them suitable for flat surface engraving tasks
[6-9]. The 4-axis CNC machines add the A-axis,
allowing the engraving head to rotate around the axis
to create three-dimensional(3D) details such as
wooden statues or columns. Meanwhile, 5-axis CNC
machines can control the engraving head to move
flexibly along five axes, enabling them to process
complex products with high precision without the
need to reposition the workpiece. In addition, laser
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engraving machines also play a crucial role in the
wood processing industry. CO; laser engravers are a
popular choice due to their ability to engrave quickly
and accurately on a variety of materials. Fiber laser
engravers, while primarily used for metals, can also
be adjusted to engrave wood with high detail.
Moreover, mini engraving machines and handheld
engravers are widely favoured by artisans and home
users due to their compact size, affordability, and
ease of use. These machines are particularly well-
suited for engraving small details such as names,
symbols, or simple patterns on wood, meeting the
demands of craft production or personalizing
products. However, all the aforementioned products
were either costly or challenging to control. High-
quality motors, control systems, and durable cutting
tools tend to be expensive, making it difficult to
strike a balance between affordability and
performance. Moreover, comprehensive design
processes are scarcely documented in the existing
literature. Research on wood carving machines
remains limited, with most available sources
comprising technical manuals rather than academic
studies, thereby hindering the clear explanation of
complex design  principles and analytical
calculations.

Chen et al. [7] fabricated a laboratory prototype of a
5-axis machining robot for wood carving, which was
integrated with a custom-developed control system.
However, the overall system design was complex and
costly, making it unsuitable for small workshops or
educational settings. Tomar and Natarajan [8]
proposed a technique for measuring the shape profile
of wooden blocks during the chiseling process. Their
method involved the use of a processing system
based on camera and computer vision techniques to
enhance carving precision. However, the integration
of such technology poses challenges for mechanical
engineers, as it primarily falls under the domain of
information technology.

Kannaki et al. [9] developed a multi-purpose 3D
printer capable of performing 3D printing, CNC
machining, laser engraving, and wood engraving.
Nonetheless, their work did not include detailed
structural design or durability simulation. In another
study, Acik [10] examined the impact of varnish
layers on laser wood engraving and found that all
types of varnish negatively affected the efficiency of
the engraving process. Additionally, Corleto et al.
[11] investigated the influence of varying moisture
levels on the quality of laser-cut wood, highlighting
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the importance of environmental factors in the
engraving process.

This paper presents the design and development of a
small, cost-effective 3-axis CNC wood carving
machine that maintains performance and quality
comparable to larger machines used in professional
woodworking environments. The proposed machine
is intended to address the needs of detailed, small-
scale wood carving for home wuse while
simultaneously serving as an educational tool. It
offers users an opportunity to gain practical
knowledge of machine design, structural mechanics,
and operational principles, thereby enhancing their
skills and understanding in the field of CNC
machining.

The remainder of this paper is organized as follows.
Section 2 presents a review of the literature on
carving technologies. Section 3 outlines the design
process of the wood carving machine. Section 4
details the manufacturing process and performance
verification of the prototype. Section 5 discusses the
impact and limitations of the study. Finally, Section 6
provides the conclusion.

2.Literature review

In order to perform wood carving effectively, the
machining of wood materials must be properly
executed. Huang et al. [12] developed a method to
project two key milling parameters for thermally
modified wood. Chen et al. [13] established a
foundation for enhancing tool condition monitoring
(TCM) applications in the cutting of wood-based
materials. Wu et al. [14] investigated the machining
of wood-plastic composite materials to improve
stability and surface quality.

From the perspective of machine design, Sobri et al.
[15] offered practical insights into the optimization of
laser parameters for tropical wood species, thereby
improving precision in laser machining and
supporting sustainable wood processing practices.
Wachowicz et al. [16] examined the durability of
carbide blades during the cutting of wood materials.
Isahak et al. [17] outlined the key challenges facing
the wood carving industry. Additionally, Islami et al.
[18] explored the design and machining processes of
wood carving products using integrated computer
aided design (CAD)/computer aided manufacturing
(CAM)/CNC technologies.

A CNC wood carving machine operates based on
CNC, where commands are encoded into G-code to
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guide the machine in performing carving and cutting
tasks according to a digital design [19, 20]. The
process begins with the user creating a digital
blueprint using CAD software such as AutoCAD or
SolidWorks [21, 22]. This design is then converted
into G-code using CAM software. The G-code
contains detailed information about the toolpath,
cutting speed, and depth of cut, and it is loaded into
the CNC machine’s control system. Once the
machine starts operating, stepper or servo motors
control the movement of the cutting head along the
X, Y, and Z axes according to the instructions from
the G-code. The spindle, which holds the cutting tool,
rotates at high speed, making contact with the wood
surface and carving it along the programmed paths.
This automated control system minimizes human
error, increases productivity, and allows the creation
of complex designs that would be difficult to achieve
with traditional manual methods [23, 24]. After the
carving process is complete, the product can be
inspected and further finished to achieve the highest
aesthetic and quality standards [25, 26].

Based on the literature survey, the key challenges in
designing a wood carving machine can be
summarized as follows:

- The main spindle speed should be above 10000
round per minute (rpm) in order to cutting wood
properly.

- Cutting tool need to be installed firmly and
balance, lack of tool stability leads to vibration.

- The design needs to minimize vibration and
resonance.

- The precision of product is the first demand but
need to consider the overall cost.

- Wood chips could jam the machine components

To address the key challenges in wood carving
machine development, various methods have been
implemented, focusing on spindle design, structural
integrity, precision control, and chip management. A
commonly adopted method involves using a high-
speed spindle motor—typically rated above 10,000
rpm—to ensure effective wood cutting across
different wood densities [27—-30]. This method results
in smoother surface finishes and reduces the risk of
wood burning during high-speed operations.

One notable advantage is the compatibility with
standard rotary tools and carving bits; however, the
limitation lies in the increased cost and complexity of
cooling or maintaining high-speed motors over
prolonged use.
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To tackle the issue of vibration and tool stability,
methods such as using reinforced aluminium or steel
frames and precision linear rails are employed [31-
33]. These approaches help in distributing forces
more evenly and minimizing structural deflection
during carving. The results show improved carving
accuracy and reduced tool wear. The advantage of
this approach is a noticeable increase in the quality
and detail of carvings, especially in high-speed or
deep-cut scenarios. Nevertheless, this adds to the
overall machine weight and cost, making it less
suitable for portable or budget-friendly designs.

In terms of precision, stepper or servo motor control
combined with microstepping drivers is widely used
to enhance positioning accuracy [34-36]. These
methods have shown excellent results in reproducing
fine patterns and maintaining tight tolerances. A clear
advantage is the ability to achieve high repeatability
and intricate detail, which is essential for both
professional and artistic applications. However, a
limitation is the need for careful calibration and
potential system instability if components are not
properly aligned or tuned.

Finally, to address the issue of wood chip
accumulation, solutions such as integrated dust
collection systems or strategically positioned air
vents are implemented. These help in maintaining a
clean working area and prevent machine jamming.
While this improves machine reliability and reduces
downtime, the limitation is the added complexity in
design and the need for regular maintenance of dust
filters and collectors. Overall, while these methods
collectively improve the performance and reliability
of prototype wood carving machines, the key trade-
offs remain between precision and cost, and
performance and design simplicity. Continued
research is needed to develop more compact,
efficient, and affordable solutions for widespread use.

To overcome the aforementioned challenges, this
paper proposes a simple and low-cost design solution
that integrates both mechanical and control
components in a practical and efficient manner. The
mechanical structure is built using lightweight
aluminum profiles, which are affordable, easy to
assemble, and provide sufficient rigidity for wood
carving tasks. This approach ensures that the final
prototype is not only functional and accurate but also
accessible for small workshops, hobbyists, and
educational institutions with limited budgets.
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3.Materials and methods

The design procedure can be summarized in the

following steps:

e The 3D model is created using Unigraphics (NX)
software.

¢ Finite element method is conducted to evaluate the
structural durability of the 3D model.

o Standard components that are commercially
available are selected.

¢ An appropriate control system is chosen.

e The prototype machine is fabricated based on the
finalized design.

3.1Spindle motor selection

In CNC machines, selecting the right spindle motor is
crucial as it directly impacts both the machine's
performance and cost. Stepper motors typically do
not provide the necessary torque and speed for the
spindle, whereas both electric and servo motors can
meet these requirements [37, 38]. However, electric
motors offer significant advantages in terms of lower
cost and simpler control systems compared to servo
motors.

Depending on the material being processed, choosing
an electric motor with the appropriate power can
meet the cutting requirements while optimizing costs.
For softer materials like wood, acrylic, and
aluminium, a lower-power motor is usually
sufficient. Based on the design requirements, the 775
DC motor with 80W power has been identified as a
suitable choice for the spindle, being readily
available and cost-effective as shown in Figure 1. Its
specification is shown in Table 1.

(o

Figure 1 Motor DC RS-775 80W
531

Table 1 RS-775 motor’s specification

Specification Value

Motor type Brushed DC motor

Brushed DC motor 6V-38VDC

Speed 4000RPM-28000RPM

Torque 300g.cm-1300g.cm

Shaft diameter 5mm

Rotating direction Clock wise — counter clock
wise

Bearing oil bearing

3.2Mechanical design for wood carving machine
Figure 2 illustrates the components of a mechanical
structure with a simple design, consisting of 23 main
parts. Each component is manufactured according to
strict standards, utilizing hex screws, nuts, bolts, and
aluminium profiles to ensure precision and durability.
This section focuses on the detailed design of key
components, emphasizing the fabrication and
assembly processes to ensure structural stability and
dimensional accuracy. The meticulous attention to
each part plays a crucial role in optimizing the
machine's performance and longevity.

Figure 2 3D Model of the Small 3-Axis CNC Wood
Engraving Machine: (1)Z-axis stepper motor, (2)
Rigid couplings, (3) KFL08 ball screw supports, (4)
M3-40 brass standoffs, (5) Z-axis column bracket,
(6) Z++ axis limit switch, (7) 10mm round linear
rail, (8) SCS10UU round linear slider, (9) Spindle
mount, (10) 775 motor, (11)775 motor bracket, (12)
Z- axis limit switch, (13) X- axis limit switch, (14)
X++ axis limit switch, (15) T8 lead screw, (16) X-
axis stepper motor, (17) X-axis bracket, (18) Y-axis
stepper motor, (19) Y-axis limit switch, (20) Y++
axis limit switch, (21) Machine table, (22) Y-axis
bracket, (23) Machine frame
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3.2.1Machine frame

As shown in Figure 3, the CNC machine frame is
constructed from 20x20 mm aluminium profiles, with
the structure currently in the preliminary assembly
phase. The frame is made up of aluminium profiles,
connected at key points by metal corner brackets,
which help enhance the strength and stability of the
entire structure [39]. The design features two distinct

levels, with a smaller structure at the top and a wider
frame at the bottom. The use of metal corner
brackets, combined with a system of screws and
bolts, indicates that although the frame is not yet
fully assembled, it has attained a fundamental level of
stability, making it ready for the subsequent steps in
the assembly process.

Figure 3 3D model and actual model of a CNC wood engraving frame

3.2.2Machine table

The machine table is constructed from 15 mm thick,
high-durability polyoxymethylene (POM) plastic and
is precisely shaped according to the 3D design
illustrated in Figure 4. A CNC milling machine is
employed to accurately mill the outer contours and
mark the positions of the mounting holes on the table
surface. Following this, a drilling machine with

appropriately sized drill bits is used to bore through
the marked holes. These holes serve a critical
function, allowing for the attachment of round linear
bearings, ball screw housings, and various fixtures,
ensuring proper alignment and functionality of the
machine components.

Figure 4 3D and actual fabrication of the machine table

3.3Calculating and selecting a ball screw

To calculate and select an appropriate ball screw for
the system, several important steps must be followed,
each accompanied by a key formula.

First, the axial force F. acting on the ball screw is
calculated using the formula given in Equation 1.
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Fa=m.g 1)
Where m is the mass in kilograms, and g is the
acceleration due to gravity.

Equation 1 helps determine the weight load that the
ball screw needs to support. Next, to ensure the ball
screw can withstand the load without deforming, the
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average thread diameter d, must be calculated using
the formula shown in Equation 2.

F,
d > _a
2 W Wh.lq]

)
Where Wy, represents the nut height coefficient,
which accounts for the influence of the nut's height
on the distribution of load across the threads, ¥, is
the thread height coefficient, which reflects the
geometry of the thread profile and how effectively it
can engage with the mating thread to resist axial
loads and [q] denotes the allowable pressure.

This helps define the proper thread size to ensure the
strength of the ball screw. Then, to verify the strength
of the ball screw, the Equation 3 is used.

Opg = Vo2 +37% = J( )2 + 3(=—=)* < [0]
.dq 0,2.dq
(3)

The Equation 3 is used to calculate the equivalent
stress (also known as the Von Mises stress) in a
material subjected to combined loading conditions.
This expression is derived from the Von Mises yield
criterion, which is commonly used in engineering to
predict yielding of ductile materials under complex
states of stress. a4 is the equivalent or Von Mises
Stress, ¢ is the normal stress and t represents the
shear stress. The given formula represents the von
Mises equivalent stress used to evaluate the
mechanical strength of a circular shaft subjected to
combined loading—specifically, an axial force Fa
and a torque T. This criterion is based on the
distortion energy theory, which is commonly applied
in the design of mechanical components made from
ductile materials. The objective of the formula is to
calculate an equivalent stress, o, that accounts for
both the normal stress caused by the axial force and
the shear stress induced by the applied torque. This
equivalent stress is then compared to the allowable
stress [c] which represents the maximum stress the
material can safely withstand.

This Equation 4 ensures the ball screw can handle the
stress applied to it without exceeding the material's
allowable stress limits. Afterward, the required
torque Tr to move the axial load is calculated using
the formula:

Tr = Fo.tan. (y + @). % 4

Equation 4 is used to calculate the torque required to
rotate a screw under axial load F,, taking into account
both the thread geometry and friction effects. This is
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especially relevant in power screws or lead screws,
where torque is needed to overcome hoth the thread's
helix angle and friction. This ensures that the drive
system has enough torque to move the load along the
axis. The angle y denotes the lead angle of the thread,
which describes the steepness of the thread's helical
path. The angle ¢ is the friction angle, The diameter
d/2 refers to the pitch diameter of the thread, which is
the effective diameter at which force is transmitted.

Next, the moment of inertia J of the ball screw is
determined to ensure it can resist bending under load
(Equation 5).

_ n.dlz
4

d

J (0,4 +0,6.) (5)

In Equation 5, J denotes the polar moment of inertia,
which is critical for determining the thread's
resistance to shear stress. The parameter d; refers to
the minor diameter of the internal thread,
representing the smallest diameter measured at the
root of the threads. In contrast, d represents the major
diameter, which is the largest diameter of the external
thread profile.

The slenderness ratio A is calculated to check the
rigidity of the ball screw, preventing excessive
bending under load (Equation 6).

1=% (6)

In Equation 6, A is a dimensionless parameter that
typically characterizes the system’s frictional
resistance or efficiency factor. The symbol p denotes
the coefficient of friction between the mating
surfaces, such as the threads of a screw and a nut.
The variable | refers to the lead of the screw, which is
the axial distance the nut advances with one full
revolution. Lastly, i represent the mechanical
advantage or transmission ratio, indicating how
rotational input is converted into linear motion.

Finally, the critical load F,, is calculated using
Euler's formula, which determines whether the ball
screw can withstand the load without losing stability
(Equation 7).

-2 J
Fy, =m*.E. D2 @)

In Equation 7, Fw represents the theoretical or critical
force at which the system may become unstable or
buckle. Meanwhile, p is the coefficient of friction
between the threaded surfaces, and | is the lead of the
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screw, representing the axial distance moved per
revolution.

Based on the results of all calculations, the D8 ball
screw with an 8 mm lead is identified as the optimal
choice. It offers the required strength, load capacity,
and structural stability, while satisfying all technical
and operational specifications of the system.

3.4Strength testing

After designing and manufacturing the components
of the small wood engraving machine, the next phase
involved assembly and durability testing [40]. The
first step in the durability analysis was the careful
selection of appropriate materials for each
component. The machine frame is constructed from
6061 aluminium, a strong and lightweight material
that ensures structural stability. The machine table
and support shafts are made of POM, a plastic known
for its good mechanical strength and wear resistance,
making it suitable for medium-load applications.
Components such as linear bearings and ball screw
nuts are fabricated from 5086 aluminium, a hard
aluminium alloy that provides excellent precision and
load-bearing capabilities.

Lastly, the round guide rails and ball screws are made
from hardened steel, offering high hardness and
accuracy in linear motion.

The machine's legs are considered fixed supports,
meaning they are firmly attached to the ground,
preventing any movement or deformation at these
points, thus ensuring the system's stability. The total
mass of the wood engraving machine was determined
through Unigraphics (NX software) to be 8.1 kg [41].
Based on this mass, the distributed force acting on
the machine's lower frame was calculated and set to
100 N to ensure accurate and safe calculations.

The mass of the machine table, along with other
components like the workpiece and fixtures, is
calculated to be 3 kg, generating a distributed force
on the machine table. This force was chosen to be 30
N to ensure the system's safety during operation. The
Z-axis of the machine weighs 2.5 kg, creating a
distributed force on the Z-axis, with the force set at
25 N. Additionally, when the spindle motor operates,
it generates a torque acting on the motor shaft with a
value of 0.79 N.m (equivalent to 790 N.mm). This is
crucial to ensure that the motor shaft can withstand
the torsional load without deformation or failure. The
processes described above are illustrated in Figure 5.
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The displacement results, calculated using NX
software and illustrated in Figure 6(a), show that the
maximum displacement occurs along the X-axis, with
a value of 0.1042 mm. This small displacement
indicates that the system exhibits high rigidity and
structural stability under the applied loads. The
minimal deformation ensures that the precision of the
wood engraving process is maintained, preventing
any significant deviations during operation.

Figure 5 Apply distributed load to the machine

Regarding stress analysis in Figure 6(b), the yield
strength of 6061 aluminium, which is used for the
machine frame, is 276 MPa, while the yield strength
of POM, used for the machine table and supports, is
82.7 MPa [42-44]. The maximum stress calculated in
the NX simulation is 13.51 MPa, which is
significantly lower than the yield strength of both
materials. This indicates that the applied loads remain
well below the material limits, ensuring that neither
the aluminum nor the POM components undergo
permanent deformation under the current load
conditions.

Based on the stress and displacement results, the
CNC wood engraving machine can fully meet the
design requirements. The small displacement and low
stress levels demonstrate that the system is
structurally sound and can withstand operational
forces without compromising safety or performance.
The materials chosen, including aluminium and
POM, provide the necessary strength and durability
for long-term operation, ensuring that the machine
remains reliable and functional under expected
workloads.
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3.5Control software

After calculating the required torque for the X, Y,
and Z axes, the KH42JM stepper motor and TB6600
motor driver were selected. Their specifications are
presented in Table 2 and Table 3, respectively.
Figure 7 shows the control circuit wiring diagram of
the machine and its actual image of the electrical
circuit board.

Table 2 Stepper motor KH42 JM specification
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Figure 6 Strength analysis results for the system a) Displacement results in the X direction, b) Stress

Rotor inertia 38g.cm?

Table 3 Stepper motor KH42 JM specification
Specification Value

Power Supply V -50V DC
Output current 0.3A-45A
Micro Step 1.2..8..16
Maximum PWM frequency 200 kHz

Hold Current Adjustment 50% or 100%.

Mach3 CNC software is a versatile and flexible tool
for controlling various types of CNC machines,
including mini wood engraving machines [39,40,45].
The main interface of Mach3 includes six screens for
functions such as program control, numerical control
(NC) command input, toolpath setup, coordinate
system configuration, and system diagnostics as
shown in Figure 8.

Specification Value
Drive method Uni polar
Number of phases 2
Voltage 3.06 V
Current 0.9 A/phase
Holding torque 140 mN.m
Detent torque 11.4 mN.m
b < J
MACH3 =

USB
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ted i3 rebles
Stepper Stepper
motor X motor & it
axis axis .
] [ N MOTOR 778

Figure 7 Circuit wiring diagram (left) and actual circuit board (right)
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Users can configure the motors for the X, Y, and Z
axes by selecting Config, Ports and Pins, Motor
Outputs and set control parameters like step size,
velocity, and acceleration in Motor Tuning. The
number of pulses required to move 1 mm is
calculated, and for the mini wood engraving machine,
this value is 400 pulses/mm.

Program Run (Alt1) | woianay | Tool Path (Alt4)

| Offvots (A5) | Sottings (AlL6) |

INOD10 G40 G17 G90 GT1
IN0020 G91 G268 20.0

The software also allows users to set travel limits and
the home position by configuring input pins
connected to limit switches, ensuring the axes operate
within safe boundaries. Mach3 provides precise and
stable control for mini wood engraving machines
during operation.

|Mii2G15 G1 G17 G40 G21 GOD GO4 G54 G49 G99 B84 GAT

J Single BLK AN ‘m L
| Rovorso Run ] Tool - 0 C*
| — Dia. +0.0000
Block Doleto
Sot Noxt Line | 1 Optonal Sop. | H +0.0000
Stop Line: 0 Flood Gl m Auto Tool Zero |
<Alt-5> RunFromHore | [Dwet T [cviose ] Remomber | Rewm__|
= = Elapued 00:00
onont__|
Reset _||C88 Zwe | T Y| |
G Codes MCodes | +0.000

I Spindle CW F5 ISRO %
100

sew

6.00. RPM 0
Feedrate
6,00, S-ov 10000
Units/Min 0.004 Spindle Speed
UnitsRev 0,00/ 10000

History Cloat

Figure 8 Main interface of the Mach3 software

4.Results

After completing the design, machining the
components, and integrating the control system, the
final step involves assembling and finalizing the 3-
axis mini-CNC wood engraving machine, as
illustrated in Figure 9. The majority of the machine
components utilize readily available standard parts,
such as aluminium extrusion profiles, linear rails,
lead screws, and NEMA 17 stepper motors. This
choice reduces sourcing complexity and facilitates
easy replacement or future upgrades.

A limited number of components, including the
spindle stand and machine table, are 3D printed using
polylactic acid (PLA) material. PLA is selected for its
low cost, ease of customization, and suitability for
non-load-bearing applications. The aluminium frame
is cut with a tolerance of +0.5 mm to ensure
squareness and structural rigidity, while guide rails
and motor mounts are assembled using pre-drilled
holes with a +0.2 mm tolerance to maintain precise
linear mation. The 3D printed parts are designed with
a £0.1 mm fit to provide stable support for both the
spindle and the work surface.
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Mach3Mill

This hybrid approach—combining standard hardware
with selectively 3D-printed parts—streamlines the
manufacturing process and enables rapid prototyping
and personalization. The result is a lightweight,
compact, and cost-effective machine that can be
assembled with basic tools and operated using open-
source control software for precise wood carving.
The specifications of the prototype are summarized in
Table 4.

Table 4 Prototype machine’s specification

Specification Value
Number of axis 3
Dimension 800x600%620 mm

Maximum feed rate 12 m/min

Recommend feed rate 300-670 mm/min

Spindle speed 50-12000 rpm

Control software Mach 3

The machine axes align is checked by using a

Mitutoyo dial indicator with resolution of 0.01 mm.

The checking steps are follows:

- The dial indicator is sticked to the main spindle.

- The probe is touched the face and the X and Y
side edges of the machine table

- The indicator is set to 0.
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- Using jog mode in Mach 3 controller.
- Move along the axis to check to square and
aligned of the machine axes.

The machine axes are calibrated using a micrometre
with 0.02 mm resolution. This involves measuring
the actual travel distance of the machine along each
axis and verifying that it meets the design
requirement. The results shown in Figure 10 of the
wood engraving machine demonstrate a high level of
precision in creating intricate details. The feed rate of
the experiment is at 500 mm/min with the spindle
speed at 8000 rpm. The outlines of the patterns and
letters are sharp, reflecting excellent control over the
axes and cutting tools. The accuracy of the products
is 0.5 mm, which is acceptable. This level of
precision is sufficient for decorative patterns, text
engraving, and small reliefs where high artistic detail
is needed but ultra-fine resolution is not critical. The
tolerance was assessed by comparing key reference
dimensions in the carved output—such as the width
of lines, spacing between features, and depth
consistency—to the original design file using digital
calipers. The machine handles a range of designs,
from simple shapes like flowers and letters to more
complex figures such as dragons and human
silhouettes, showcasing its versatility in engraving
various models. Additionally, the outer edges of the
circles are cleanly cut with no signs of chipping,
highlighting the machine’s capability for precise edge
cutting. Overall, while the mini wood engraving
machine performs effectively, improving the surface
smoothness would lead to a more polished and
professional result.

Figure 9 The completed 3-axis CNC wood engraving
machine after full assembly
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Figure 10 Sample engraved products created using
the 3-axis CNC wood engraving machine

5.Discussion

Due to its open-frame design, the machine generates
a significant amount of wood chip dispersion,
resulting in a relatively messy work environment.
The machine frame, constructed from aluminum for
cost-effectiveness, lacks optimal structural rigidity.
As a result, when the spindle operates at speeds
exceeding 10,000 rpm, noticeable vibrations occur,
leading to reduced accuracy.

Experimental results indicate a cutting accuracy of
approximately +0.5 mm. However, certain surface
finishes appear slightly rough, likely due to large step
sizes or unoptimized cutting speeds. These issues
could be mitigated by refining the speed and step
parameters. Despite these limitations, the engraved
depth remains consistent, demonstrating effective Z-
axis control and precision.

It is also noted that the current design does not yet
address environmental considerations or incorporate
essential safety features, which should be factored
into future design iterations.

Furthermore, the machine demonstrates significant
cost-effectiveness  when compared to other
commercial products such as the Shapeoko 5 Pro, X-
Carve Pro CNC, and 3018 CNC, as detailed in Table
5. Its simplicity in both maintenance and assembly
enhances its suitability for local use, aligning well
with the prevailing economic conditions in Vietnam.
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Table 5 Price comparison of proposed machine with commercial products

Wood carving machine Price (USD) Max feed rate (mm/min) Software compatibility
Proposed machine 216 1000 Open source

Shapeoko 5 Pro [46, 47] 3200 3000 Carbide Create, Fusion 360
X carve pro CNC [48, 49] 4250 2000 Easel, Fusion 360

3018 CNC [50, 51] 344.09 800 Software Compatibility

The prototype CNC wood carving machine is
significantly more affordable than commercial
models such as the Shapeoko and X-Carve, and its
cost is comparable to that of the 3018 CNC. While
offering better rigidity and faster operation than
typical entry-level 3018 machines with similar build
volumes, it falls slightly short in terms of precision.
Nonetheless, the prototype provides a budget-friendly
and functional entry point into CNC wood carving,
making it well-suited for hobbyists, students, and
small-scale project makers.

The development of this prototype demonstrates that
it is feasible to construct a low-cost yet functional
CNC machine primarily using standard components,
supplemented with a few 3D-printed parts. The
machine achieved a positioning accuracy of
approximately £0.5 mm and a maximum feed rate of
1000 mm/min. It successfully carved softwoods and
Medium-density  fibreboard (MDF), delivering
acceptable surface finishes and reliable repeatability.
These results validate the design approach, which
prioritizes affordability, ease of assembly, and user
accessibility through the use of open-source hardware
and software.

From a performance perspective, the prototype meets
its intended objectives for small-scale and hobbyist
applications. The frame, built from 20x20 mm
aluminium extrusions, provides adequate rigidity,
while the use of stepper motors and an Arduino-
based GRBL control system enables consistent and
reliable  axis movement. However, certain
performance aspects—including carving precision,
vibration suppression, and compatibility with harder
materials—highlight areas for future improvement,
particularly when the machine is used for deeper cuts
or more demanding applications.

Although the machine frame is constructed from
aluminum for affordability and ease of assembly, this
material choice limits the structural rigidity of the
system. This indicates that while the design is
lightweight and economical, it may not be suitable
for high-speed or precision-intensive operations
without  further  structural optimization. The
machine’s open-frame design leads to significant
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wood chip dispersion, creating a messy and
potentially ~ hazardous  working  environment.
Furthermore, essential safety features such as spindle
covers, dust enclosures, and emergency shut-off
mechanisms are not yet incorporated, which could
limit its usability in public or educational settings
where safety regulations are strict.

A complete list of abbreviations is listed in Appendix
.

6.Conclusion and future work

The results of this study demonstrate that the small 3-
axis CNC wood carving machine effectively meets
the design and operational objectives outlined in this
work. The machine exhibits a high level of precision
in producing intricate details, as evidenced by the
clear and sharp outlines of engraved patterns and
letters. The consistent engraving depth confirms
precise Z-axis control, and the system successfully
handles a wide range of designs, from simple
geometries to complex figures.

The machine delivers efficient performance,
achieving clean edge cuts with minimal error rates.
However, some surface roughness was observed,
likely due to relatively large step sizes or
unoptimized cutting speeds—factors that can be
improved through parameter tuning. Despite these
minor issues, the study validates that the machine
enhances the quality of wood products by
maintaining precision and aligns with industry trends
toward automation and digital manufacturing.

In terms of functionality, the prototype proves to be
versatile, capable of carving, milling, and drilling on
various materials such as wood, mica, and aluminum.
Its cost-effectiveness, ease of maintenance, and
reduced labor and production time make it
particularly well-suited for small-scale woodworking
applications, especially within Vietnam's wood
processing sector.

The structural analysis conducted using NX software
validated the prototype’s mechanical integrity and
indicated readiness for further refinement through
topology optimization. Based on these findings,
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several opportunities for future improvements have
been identified:

e Structural optimization of the machine to
improve rigidity and reduce vibration.

e Design enhancements to improve operational
safety, such as implementing covers for ball
screws and integrating a spindle-mounted dust
collection system.

e Material upgrades, including the use of sturdier
materials for the machine frame and work table
to further suppress vibration and improve
performance during high-speed operation.

Acknowledgment
None.

Conflicts of interest
The authors have no conflicts of interest to declare.

Data availability
The data may be provided by the corresponding author
upon reasonable request.

Authors contribution statement

Tran Thanh Tung: Writing, software, original draft
preparation, investigation, experiment, manufacturing,
design, software and simulation. Nguyen Thi Anh:
Writing, design, software and simulation. Tran Vu Minh:
Conceptualization, methodology, supervision, reviewing
and editing.

References

[1] Atwee T, Swidan A, Zahra N. An overview study on
laser technology and conventional technology’s effect
on wood and sheet metal manufacturing for the
furniture industry. International Design Journal. 2023;
13(2):287-99.

[2] Khalifa HM. Digital manufacturing technology using
computer systems. ERU Research Journal. 2024;
3(3):1480-99.

[3] Taipe CA, Cayo EH. Design and prototyping of a 4-
axis CNC machine for the manufacturing of small
accessories. In 10th international conference on
mechatronics and robotics engineering 2024 (pp. 5-9).
IEEE.

[4] Soori M, Arezoo B. Dimensional, geometrical,
thermal and tool deflection errors compensation in 5-
Axis CNC milling operations. Australian Journal of
Mechanical Engineering. 2024; 22(5):935-49.

[5] Isnin NS, Nasir SM, Hemdi AR, Ismail H, Yusoff H,
Nurmalasari R. The effect of CO: laser engrave
parameters on surface roughness on
polymethylmethacrylate (PMMA). Jurnal Mekanikal.
2023; 46:114-21.

[6] Yousif IF, Alsudani MQ, Waheed SR, Khudhair ZN,
Adnan MM, Al-khaykan A. Automatic laser engraving
machine  for different materials based on

539

microcontroller. Malaysian Journal of Fundamental
and Applied Sciences. 2023; 19(3):324-31.

[71 Chen W, He Z, Li Y, Fang H, Yang F, Zhang J.
Conceptual design, control system development and
prototype fabrication of a 5-axis hybrid machining
robot for handicraft carving. In international
conference on intelligent robotics and applications
2024 (pp. 68-82). Singapore: Springer Nature
Singapore.

[8] Tomar R, Natarajan S. Automated wood carving
profiling using modified autocollimator setup. In
international conference on emerging systems and
intelligent computing 2024 (pp. 631-6). IEEE.

[9] Kannaki S, Sooraj S, Vijeth R, Selvalakshmi SU,
Sharmietha SP, Sruthi S. Fabrication of multi-purpose
3D printer (3D printer, CNC & laser engraving). In
AIP conference proceedings 2025. AIP Publishing.

[10] Agik C. Studying of the effects of some varnish types
used in the furniture industry on woodworking
performance of laser. European Journal of Wood and
Wood Products. 2024; 82(5):1491-9.

[11] Corleto R, Gaff M, Rezaei F, Sethy AK, Nemeth R,
Valente F, et al. Effect of moisture content levels on
the quality of beech wood cut by CO: laser. The
International Journal of Advanced Manufacturing
Technology. 2024; 134(1):159-69.

[12] Huang W, Chen H, Jin Q, Shi J, Guo X, Na B.
Prediction of milling performance of thermally
modified wood based on machine learning. European
Journal of Wood and Wood Products. 2025; 83(2):63.

[13] Chen YT, Tian JH, Guo XL, Na B. Tool condition
monitoring strategies from metal cutting: insights for
optimizing wood-based material processing. European
Journal of Wood and Wood Products. 2025; 83(1):1-
22.

[14] Wu Z, Wang J, Zhang F, Zhu Z, Guo X, Cao P.
Investigation of the orthogonal cutting of wood-plastic
composites for obtaining better stability and quality.
European Journal of Wood and Wood Products. 2023,;
81(2):399-410.

[15] Sobri MS, Ahmad SS, Norizan MN, Hermawan A,
Mohamad AMH, Mohamed M, et al. The influence of
laser cutting parameters on the heat-affected zone in
fast-growing Malaysian wood species. Journal of
Manufacturing and Materials Processing. 2025;
9(2):1-28.

[16] Wachowicz J, Wilkowski J, Dembiczak T, Kruzel R.
Durability of cutting tools obtained by U-FAST
technology in particleboard machining. Materials.
2025; 18(3):1-11.

[17] Isahak MR, Shahminan RN, Ahmad F. Enhancement
wood carving in producing premium product.
Management. 2022; 7(27):58-68.

[18] Islami F, Sutanto A. Digitalization of design and
machining processes of wood carving products using
CAD/CAM/CNC technologies for preservation of
Minangkabau culture. Journal of Ocean, Mechanical
and Aerospace-Science and Engineering. 2024;
68(3):127-32.



Tran Thanh Tung et al.

[19] Cakiroglu EO, Demirarslan KO, Tagdemir T.
Characterization of wood dust emission according to
some wood species in 3D machining applied with
CNC machine. European Journal of Wood and Wood
Products. 2025; 83(2):59.

[20] Petrakov Y, Korenkov V, Myhovych A. Technology
for programming contour milling on a CNC machine.
Eastern-European Journal of Enterprise Technologies.
2022; 2(1):55-61.

[21] Taha Al, Saad AE. An in vitro evaluation of tensile
strength of molar endocrown milled from various
computer aided design and manufacturing materials.
Scientific Reports. 2024; 14(1):1-10.

[22] Mehmood N, Umer M, Asgher U. Application of
hybrid sfla-aco algorithm and cam softwares for
optimization of drilling tool path problems. SN
Applied Sciences. 2023; 5(2):1-10.

[23] Rabiei F, Seidi M, Yaghoubi S. Empirical analysis of
dust and noise pollutants produced in the wood-CNC
machining process. Environmental Science and
Pollution Research. 2024; 31(35):47584-97.

[24] Soori M, Jough FK, Dastres R, Arezoo B. Robotical
automation in CNC machine tools: a review. Acta
Mechanica ET Automatica. 2024; 18(3):434-50.

[25] Dogan GA, Wascher R, Avramidis G, Viél W,
Gerhard C. Influence of wood modification on
parameter settings and treatment results in CO2 laser
structuring of beech veneers. Journal of Materials
Science: Materials in Engineering. 2024; 19(1):1-10.

[26] Corleto R, Gaff M, Sethy AK, Kelkar BU, Nemeth R,
Ditommaso G, et al.. Effects of CO2 laser parameters
on quality of laser cut beech wood (Fagus Sylvatica L)
surface and extent of heat affect zone. Journal of the
Indian Academy of Wood Science. 2024:1-11.

[27] lbrisevic A, Obucina M, Hajdarevic S, Mihulja G,
Kuzman MK, Busuladzic 1. Effects of cutting
parameters and grain direction on surface quality of
three wood species obtained by CNC milling. Bulletin
of the Transilvania University of Brasov Series Il:
Forestrye Wood Industrye Agricultural Food
Engineering. 2023; 16(65):127-40.

[28] Wachowicz J, Wilkowski J, Talarek S. Influence of
cutting parameters on the tool life for WC-Co
composites in the machining of wood-based materials.
Wood Material Science & Engineering. 2023;
18(5):1780-9.

[29] Anggoro PW, Bawono B, Setyohadi DB, Ratnasari L,
Fergiawan PK, Tauvigirrahman M, et al. Optimisation
of the machining time required by insole orthotic
shoes for patients with clubfoot using the Taguchi and
response surface methodology approach. Heliyon.
2023; 9(6):1-18.

[30] Cakmak A, Malkocoglu A, Ozsahin S. Optimization
of wood machining parameters using artificial neural
network in CNC router. Materials Science and
Technology. 2023; 39(14):1728-44.

[31] Li C, Xu M, Song W, Zhang H. A review of static and
dynamic analysis of ball screw feed drives,
recirculating linear guideway, and ball screw.

540

International  Journal of Machine Tools and
Manufacture. 2023; 188:104021.

[32] Sneineh AA, Salah WA, Zneid BA, Elnaggar M,
Abuhelwa M. Development and evaluation of a low-
cost CNC wood carving machine for artisanal
applications: implementation of CNC wood carving
machine. Journal of Robotics and Control. 2025;
6(2):615-23.

[33] Zhong X, Liu N. Artistic reproduction of wood
carving: virtual simulation of 3D and human-computer
interaction. Computer-Aided Design & Applications.
2025; 22(s2):42-56.

[34] Das UC, Shaik NB, Suanpang P, Nath RC, Mantrala
KM, Benjapolakul W, et al. Development of automatic
CNC machine with versatile applications in art,
design, and engineering. Array. 2024; 24:1-7.

[35] Lixian S, Rahiman W. A compound control for hybrid
stepper motor based on PI and sliding mode control.
IEEE Access. 2024; 12:163536-50.

[36] Divitarova E, Bocevska A. Design and development
of laser engraving machine. 14th international
conference on applied internet and information
technologies 2024 (pp. 93-9).

[37] He Y, Xiang H, Zhou H, Chen J. In-situ fault detection
for the spindle motor of CNC machines via multi-
stage residual fusion convolution neural networks.
Computers in Industry. 2023; 145:103810.

[38] Zhang W, Zhang X, Zhao W. Influence of nonlinearity
of servo system electrical characteristics on motion
smoothness of precision CNC machine tools.
Precision Engineering. 2023; 83:82-101.

[39] Tung TT, Tan TM, Minh TV. A laser cutting machine
prototype. Engineering, Technology & Applied
Science Research. 2024; 14(1):12944-9.

[40] Tung TT, Tran VM. Development of a prototype
pineapple peeling machine. International Journal of
Advanced Technology and Engineering Exploration.
2024; 11(114):795-804.

[41] Jurek M, Wagnerova R, Safii M, Bidhar S. Crafting
pixels in wood: understanding the interplay of
technologies and visual perception in wooden photo
engraving. European Journal of Wood and Wood
Products. 2025; 83(1):1-5.

[42] Guzmén-flores I, Granda-gutiérrez EE, Cruz-gonzalez
CE, Hernandez-garcia HM, Diaz-guillén JC, Flores-
gonzélez L, et al. Enhancing the mechanical properties
of a 6061 aluminum alloy by heat treatment from the
perspective  of Taguchi  design-of-experiments.
Applied Sciences. 2024; 14(13):1-21.

[43] Ma Y, Li K, Li C, Miao X, Araki T, Wu M. Corrosion
behavior of selective laser melted 6061 aluminum
alloy electrodes for aluminum-air battery. Journal of
Power Sources. 2024; 594:233999.

[44] Kwolek P, Obloj A, Koscielniak B, Buszta R,
Tokarski T, Krupa K, et al. Wear resistance of hard
anodic coatings fabricated on 5005 and 6061
aluminum alloys. Archives of Civil and Mechanical
Engineering. 2024; 24(2):51.

[45] Bawono B, Yuniarto T, Sanusi CE, Felasari S,
Widyanarka OK, Anggoro PW. Optimization of



International Journal of Advanced Technology and Engineering Exploration, Vol 12(125)

virtual design and machining time of the mold master
ceramic jewelry products with Indonesian batik
motifs. Frontiers in Mechanical Engineering. 2024;
9:1-14.

[46] Junttila T. A review of currently available consumer
grade CNC milling machines. Bachelor’s Thesis,
Mechanical Engineering, University of Oulu. 2025.

[47] Prostak A, Uszok R, Kolimas £. Development of an
office-friendly CNC mill. Przeglad Elektrotechniczny.
2023; 2023(12):1-11.

[48] https://www.matterhackers.com/store/l/inventables-x-
carve-pro-cnc-
router/sk/ MNH5WT8X?srsltid=AfmBOopS-
AZnBSSIEX2CIATanJs8NJI7J6FdYnzXDPhB-
S7TXJIX63dDRy. Accessed 15 March 2025.

[49] https://www.inventables.com/pages/x-carve-pro-cnc-
machine?srsltid=AfmBOopuKg-
VBchgP28bJZuoa_iUyMJY-
x1A_tpF6yozxPRQO6GUGBRpL. Accessed 15 March
2025.

[50] Andhika M, Ismail I, Sani AA, Tafrant D. Pengaruh
variasi material mata pahat endmill terhadap
kekasaran permukaan resin pada CNC router 3018.
Machinery Jurnal Teknologi Terapan. 2023; 4(2):76-
81.

[51] Avila BY, Vazquez CA, Baluja OP, Dominguez LA,
Cotfas DT, Cotfas PA. Experiences in PCB
manufacturing with ultra-lowcost and home-made
CNC machine. In 16th international conference on
electronics, computers and artificial intelligence 2024
(pp. 1-7). IEEE.

Tran Thanh Tung received his B.S.
and M.Sc. degrees in Mechatronics
from Hanoi University of Science and
Technology, Vietnam, in 2010 and
2012, respectively, and his Ph.D. degree
in Engineering from DaYeh University,
Taiwan, in 2016. He is currently
: affiliated with the Faculty of
Engineering Mechanics and Automation at VNU
University of Engineering and Technology, Hanoi,
Vietnam. His research interests include machine design and
manufacturing.
Email: tranthanhtung@vnu.edu.vn

Nguyen Thi Anh received her B.S.
degree in Mechanics from VNU
University  of  Engineering  and
Technology, Vietnam, in 2021, and her
M.Sc. degree in Engineering from the
National ~ Taipei  University  of
Technology, Taiwan, in 2024. She is
currently pursuing a Ph.D. degree in
Mechanics at VNU University of Engineering and
Technology, Vietnam, and is affiliated with the Faculty of
Mechanical Engineering at Thuyloi University, Vietnam.
Her research interests include Computational Mechanics.
Email: nguyenthianh200197 @tlu.edu.vn

541

Tran Vu Minh received his Ph.D. in
Engineering from Shibaura Institute of
Technology, Japan, in 2015. He

€ obtained his B.S. and M.S. degrees in

%; Mechanical Engineering from Hanoi

o . University of Science and Technology,
:.Q 4 ﬁi:" Vietnam, in 2006 and 2010,
BREEERL === respectively. He is currently a lecturer

at the School of Mechanical Engineering, Hanoi University
of Science and Technology, Vietnam. His research interests
include the Design, Simulation, and Manufacturing of
Mechatronic Systems; Robust Nonlinear Control; Adaptive
Control; and Systems with Hysteresis.

Email: minh.tranvu@hust.edu.vn

Appendix |

S.No.  Abbreviation Description

1 CAD Computer Aided Design

2 CAM Computer Aided Manufacturing
3 CNC Computer Numerical Control
4 MDF Medium-Density Fibreboard
5 NC Numerical Control

6 PLA Polylactic Acid

7 TCM Tool Condition Monitoring

8 Unigraphics NX software

9 3D Three-Dimensional
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