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Abstract – The goal of this research is development, 
design and manufacturing of CNC milling machine 
prototype using standard aluminium profiles. Machine 
is a three axis’s machine and it is developed primarily 
for education in the field of wood machining. It can be 
used also for machining of light metal parts. Main 
initial goal of the machine development was the low 
cost for its manufacturing. To achieve this goal, rapid 
prototyping technology was used to manufacture most 
of the machine parts. In addition, a lot of standard 
parts are used. The detail methodology for machine 
development, design and manufacturing are shown in 
this paper. Design process includes development of 
CAD models, calculation of all necessary critical parts, 
selections of materials and development of machine 
subassemblies and assemblies. 

Keywords – machine, CNC, milling, design. 

1. Introduction

From the beginning of the industrial revolution, a 
lot of different manufacturing technologies are used 
for manufacturing of different types of products.  
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These manufacturing methods evolve through time 
to fulfil more and more complex demands on product 
development and manufacturing. 

Manufacturing, from its beginning, is heavily 
dependent on different types of machining processes. 

Machining is most used and most important 
manufacturing technology because of its core 
properties which can be used to manufacture high 
quality products. Especially in the field of high 
dimensional accuracy of a product (high dimensional 
and shape tolerance demands can be fulfilled). At the 
beginning, machining is improved through 
optimization of its manufacturing parameters and by 
introducing new and better materials for tools. Later, 
with the development of computers machining it is 
additionally improved by introducing computer 
numerical control (CNC). CNC machining brings 
additional positive properties to this manufacturing 
methods, such as increased efficiency, more precise 
manufacturing with less errors, etc. [1] 

CNC (Computer Numerical Control) machines are 
controlled by computer, which represents high 
accuracy control, especially in combination with 
stepper electric motors, ball screws and high 
accuracy linear motion machine elements. 

There is a lot of papers discussing different 
problems and improvements of CNC machines and 
CNC machining as a manufacturing method [2], [3], 
[4], [5]. Methodology for development, design and 
manufacturing of CNC milling machine prototype 
using standard aluminium profiles is presented in the 
following chapters of this paper. The same 
methodology is used for other product development 
by the same authors [6].  

Machine is three axis’s machine and it is 
developed primarily for education in the field of 
wood machining [7], [8]. It can be used also for 
machining of light metal parts. The main initial goal 
of machine development was low cost for its 
manufacturing [9]. To achieve this goal, low-cost 
rapid prototyping technology was used to 
manufacture most of the machine parts. In addition, a 
lot of standard parts are used. Design process 
includes development of CAD models [10], 
calculation of all necessary critical parts, selections 
of materials and development of machine 
subassemblies and assemblies. 
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2. Design Methodology Process 
 

2.1. Basic Function of a Machine 
 
Basic function of a machine is represented as 

“CNC milling machine”. Basic function represents 
dependencies of inputs and outputs of a machine 
(Figure 1.). Initial part and G-code are inputs of basic 
function and the final product is output of basic 
function. In the next step it is necessary to divide 
basic function “CNC milling machine” to its partial 
functions. 
 

 
 

Figure 1.  Diagram of machine basic function 
 

2.2. Partial Functions of a Machine 
 

Every basic function has several partial functions 
(Figure 2.). All partial functions which are essential 
part of one basic function needs to be executed 
before basic function can be executed. Partial 
functions are executed by machine subsystems or 
individual parts.  All partial functions must deliver 
one machine function. 

Partial functions can be additionally divided into 
elementary functions which execute more simple 
tasks. As early mentioned, inputs in basic function 
are initial part and G-code. G-code can be written by 
hand or generated by some of CAM (Computer 
Aided Manufacturing) software.  

After that, first partial function can be initiated. It 
is a partial function for mounting of initial part inside 
the working space of a machine. 

 

 
 

Figure 2.  Diagram of machine partial functions 
 

 
 

There are more ways to mount initial parts, it can 
be done using clamps, vacuum, etc. The second 
partial function is correction of tool length and 
zeroing of a machine. Different tools have different 
lengths and different diameters that need to be 
corrected during every tool change. The next partial 
function is used to start machining by uploading and 
starting G-code. After machining is done, the final 
product can be disassembled from the machine.  

   
2.3. Morphology Matrix 

 
Morphology matrices are used to show more 

different individual components which can be used to 
execute all partial functions (Figure 3.). 

 

 

 

 
 

Figure 3.  Morphology matrix 
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3. Concept Designs 
 

Figures 4., 5. and 6. show three different concept 
designs of a machine developed using combination 
of executors from morphology matrix. 
 

 
 

Figure 4.  Concept design 1 
 

 
 

Figure 5.  Concept design 2 
 

 
 

Figure 6.  Concept design 3 

3.1. Choosing Optimal Concept Design 
 

Optimal design is chosen by grading developed 
concept designs using technical and economic grades 
(Table 1.). 

 
Table 1. Choosing optimal concept design (grades) 
 

Grade parameter 
Concept design 

Id
ea

l 

1 2 3 4 

T
ec

h
n

ic
al

 

Accuracy 4 3 4 4 
Capacity 3 3 3 4 
Material range 3 3 4 4 
Availability of parts 4 3 3 4 
Mass of the machine 4 3 3 4 
Complexity of design 4 4 4 4 
Working speed 3 3 3 4 
Ease of use 4 4 4 4 
Safety 4 3 4 4 
TOTAL 33 29 32 36 
Technical coordinate X 0.91 0.80 0.88 1 

E
co

no
m

ic
 

Manufacturing cost 4 3 3 4 
Assembly complexity  4 3 3 4 
Maintenance complexity 4 3 4 4 
Maintenance cost 4 4 4 4 
Transport cost 3 3 3 4 
TOTAL 19 16 17 20 
Economic coordinate Y 0.95 0.80 0.85 1 

 

Grade from 1 to 4 is given to all parameters. Best 
concept design is concept design number 1 from 
Figure 4. It has best grades both in technical and 
economic coordinate (Figure 7.). 

 

 
 

Figure 7.  Choosing optimal concept design 
 

4. Dimensioning and Design 
 

CNC milling machine has four subassemblies 
which are explained in detail in the following 
subchapters of the paper. 
 
 

Technical / economical coordinates 
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4.1. Machine Chassis 
 

Subassembly “Chassis” is designed and 
manufactured using standard metal profiles 
(EN10305-5). The chassis have four vertical profiles 
which are connected with several horizontal profiles. 
All profiles are connected using welding.  

 

 
 

Figure 8.  Machine chassis 
 
At the top of the chassis, a wood plate is connected 

using standard screws (EN ISO 7049 – M5 x 50) and 
washers (EN ISO 7091 – 6). 
 
4.2. X axis Subassembly 

 
This subassembly has one stepper electric motor 

(Nema17) with belt pulley (GT2 – 16T) which is 
connected to belt and wheels. The wheels are moving 
on the V groove on aluminium profiles. The belt is 
stationary element in this design configuration 
(Figure 9.). Linear movement in the direction of x 
axis is achieved in this way. Stepper electric motor is 
placed from the outside of two support plates and 
aluminium profile is placed between these two plates. 

 

 
 

Figure 9.  X axis subassembly 
 

Support plates are connected together using screws 
(EN ISO 4762  – M5 x 60) and corresponding nut. 
Distance between these plates is defined using 
distance elements which are placed on the screws. 
Plates and distance elements are manufactured using 
additive manufacturing. Holes for screws for stepper 
electric motor connection to the left support plate are 
designed as long holes with the goal to enable 
movement of stepper motor up and down. This 
movement is needed because it is necessary to 
tighten the belt properly. At the front of the right 
support plate there are holes for connection of this 
subassembly to the aluminium profile.    
 
4.3. Y axis Subassembly 

 
For Y axis movement two stepper electric motors 

are used (Nema17). Torque transmission from 
stepper motor to belt is done using pulley (GT2). The 
belt is stationary and it is placed along the whole 
length of the aluminium profile (Figure 10.). 

 

 
 

Figure 10.  Y axis subassembly 
 

Using this design, the space on the machine chassis 
plate is used in the best possible way. Bigger parts 
can be machined. Aluminium profiles are connected 
to the chassis plate using four supports which are 
manufactured using additive manufacturing and 
which are connected to the chassis plate using wood 
screws. The connection of the profiles and its 
supports are done using the so-called T nut. This type 
of connection is good because it does not demand 
any type of drilling of additive manufactured 
supports. Both stepper electric motors have its own 
supports, one on the left and one on the right side. 
These supports are also manufactured using additive 
manufacturing. Inside these supports there are wheels 
which are used to move the whole Y axis 
subassembly along aluminium profiles. All wheels 
are supported using standard metal ball bearings with 
a goal to reduce the friction.  There are two wheels, 
one from above and one from below aluminium 
profile.  
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4.4.  Z axis Subassembly 
 

For Z axis movement, stepper electric motor is 
used (Nema17), same as for X and Y axis. This time 
the torque is transmitted to trapezoidal screw using 
micro belt and two pulleys (Figure 11.). 

 

 
 

Figure 11.  Z axis subassembly 
 

Trapezoidal screw has brass nut which is 
connected to the support plate with a hole on it for 
tool holder connection. The nut and trapezoidal 
screw have a function to transform rotation 
movement of the stepper electric motor to translation 
movement of the support plate and tool. 
 
4.5. Tool Holder Subassembly  

 
Tool holder subassembly has front and back 

supports connected using screws (EN ISO 4762  – 
M5 x 20). The whole subassembly is connected to Z 
axis subassembly again using screws (EN ISO 
4762  – M5 x 25) (Figure 12.). 

The tool holder can be designed in different ways, 
this type is chosen because it is simple and practical.  
It must have good stiffness for more precise tool 
holding. In addition, tool holder must enable tool 
movement up and down along the Z axis.  

 

 
 

Figure 12.  Tool holder subassembly 

4.6. Control unit Subassembly 
 

Control unit subassembly is a place where all 
electric components will be placed. It is necessary to 
design a housing for power supply, stepper electric 
motors, control board and buttons for starting and 
ending the machining process. 

For machine control, Arduino Uno board and CNC 
shield are used. This is the most used electronics by 
most of the manufacturers and hobby machine 
developers. G-code is generated using regular 
computers, transferred to the Arduino using USB or 
card memory. CNC shield regulates all machine 
processes (Figure 13.). 

 

 
 

Figure 13.  Control unit subassembly 
 

5. Design Calculations 
 
5.1. Selection of Tool Electric Motor 

 
To select power electric motor for milling, it is 

necessary to calculate power which is needed for 
wood milling.  This power is depended on several 
factors like the depth and width of the milling, speed 
movement of the tool and type of material which 
needs to be machined. The power of the electric 
motor needed for milling can be calculated using the 
power which needs to be used for milling divided by 
electric motor efficiency [11]: 

 

 𝑃ெ ൌ
𝑃஼

ƞ
ൌ 166,67ሾ𝑊ሿ                ሺ1ሻ 

 

Where: 
 

PM  – power of electric motor, 
PC – power needed for milling, 
ƞ – electric motor efficiency (usually it is from 

80% to 90%). 
 

Power for milling can be calculated using the 
following equation:  

 

 𝑃஼ ൌ
𝑎௣ ൈ 𝑎௘ ൈ 𝑣௙ ൈ 𝑘௖

60 ൈ 10଺ ൌ 150 ሾ𝑊ሿ     ሺ2ሻ 
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Where: 
𝑎௣ ൌ 1𝑚𝑚   – milling depth, 
𝑎௘ ൌ 6𝑚𝑚 – milling width, 

𝑣௙ ൌ 6000 𝑚𝑚 𝑚𝑖𝑛⁄  – tool speed movement, 
𝑘௖ ൌ 250 𝑘𝑔 𝑚𝑚ଶ⁄  – milling pressure on tool 

for wood milling. 
 

From equation 1, it can be seen that minimal 
power for wood milling is 166,67 W. If any of the 
above-mentioned parameters are changed, the power 
of the electric motor must be changed accordantly. 
Except power, it is necessary to calculate the electric 
motor speed. Recommended milling speed is usually 
around 2000 up to 15000 RPM. Makita RT0700C 
electric motor is chosen with the power of 710 W and 
speed in range from 10000 up to 30000 RPM. 
 
5.2. Selection of Stepper Electric Motors for X, Y 

and Z axis 
 

As previously mentioned, for machine axis 
movement, the stepper electric motors are used. They 
are good for this type of application because it is 
possible to control their rotation movement very 
precisely. To select this type of electric motor 
moment of inertia, torque and RPM needs to be 
calculated. Stepper motors are usually selected using 
𝑘𝑔𝑐𝑚 units instead of Nm units, and because of that, 
the following calculation is adopted to 𝑘𝑔 and 𝑐𝑚 
units.  

In the case where the power is transmitted using 
belt and pulley, the moment of inertia can be 
calculated using the following equation [12]: 

 

Ј௧௢௢௧௔௟ ൌ Ј௠௢௧௢௥ ൅ ሺሺЈ௣௨௟௟௘௬ ൅ Јௐሻ/𝑖ଶሻ     ሺ3ሻ 
                        ൌ 2,856 ∙ 10ିହ 𝑘𝑔 𝑚 𝑠ଶ 

 

Where Ј௠௢௧௢௥, Ј௣௨௟௟௘௬, Јௐ and i are selected and 
calculated according to [10]. 

Needed torques for starting and running can be 
calculated according to the following equations:  

 

𝑇௔௖௖ ൎ Ј௧௢௢௧௔௟ ൈ ሺ∆𝑠𝑝𝑒𝑒𝑑 ൊ ∆𝑡𝑖𝑚𝑒ሻ ൈ 0.1  ሺ4ሻ 
          ൎ 6,857 ∙ 10ିଷ𝑘𝑔 𝑚 
 

𝑇௥௨௡ ൌ ሺ𝑀௧௢௢௧௔௟ ൈ 𝑟ሻ/𝑖                      ሺ5ሻ 
                               ൌ 4,181 𝑘𝑔𝑐𝑚 

 
𝑀௧௢௢௧௔௟ ൌ 𝑀௘௫௧ ൅ 𝑀௙௥௜௖௧௜௢௡ ൅ 𝑀௚௥௔௩௜௧௬ ൅ 𝑀஼       ሺ6ሻ 
                        ൌ 6,433 𝑘𝑔 

 

where all parameters are selected according to 
[10]. 

The speed of stepper electric motor can be 
calculated according to the following equation [12]: 

 

𝑅𝑃𝑀 ൌ
𝑎

360
∙ 𝑓௓ ∙ 60 ൌ 2400 RPM         ሺ7ሻ 

 

Where: 

 
𝑎 ൌ 360° 𝑁⁄ ൌ 1,8 °  –   rotation per step, 

𝑁 ൌ 200 𝑠𝑡𝑒𝑝 𝑟𝑒𝑣⁄ – resolution of stepper 
motor, 

𝑓௭ ൌ 8000 𝐻𝑧 – frequency of impulse 
signals of stepper electric 
motor.  

 

Needed torque of the stepper electric motor is: 
 

𝑇௠௢௧௢௥ ൌ 𝑇௔௖௖ ൅ 𝑇௥௨௡ ൌ 4,867𝑘𝑔𝑐𝑚        ሺ8ሻ 
 

This value of torque is the minimal value which 
the stepper motor needs to have. For Y axis two 
electric motors are used, and because of that the 
stepper motor NEMA 17 with torque value of 4,3 kg 
cm can be selected. 

Same calculation can be done for X and Z axis. 
Loads for X axis are the same as for Y axis but in 
this case only one motor is used. Because of that, the 
stepper motor NEMA 23 with torque value of 11,90 
kg cm is selected. The same stepper motor is selected 
for Z axis because the forces for wood drilling are 
much lower in comparison to the forces of milling. In 
addition, all design elements on Z axis have much 
lower mass in comparison to the X axis. 

 
6. Manufacturing and Testing 
 

Manufacturing of machine parts is carried out 
using rapid prototyping technologies (additive 
manufacturing) using Ultimaker 3 machine. The first 
step in the manufacturing process is to create STL 
file from developed 3D CAD model. In the next step 
it is necessary to import STL file to software 
Ultimaker CURA where the G-code for 
manufacturing needs to be generated. Before 
generation of the G-code, it is necessary to select 
manufacturing parameters, select orientation of the 
part inside the machine and select material which 
will be used for part manufacturing. All parts are 
manufactured using PLA (Polylactic acid) material. 
One of the milling machine parts manufactured 
inside Ultimaker 3 is shown in Figure 14.  

 

 
 

Figure 14.  One part of the milling machine manufactured 
using Ultimaker 3 
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Figure 15.  Machine stand 
 
For the machine stand (Figure 15), steel profiles 

70x50 cm are used. These profiles are connected 
using welding. The stand has adjustable legs for 
levering process. 

The basic parts of design for axis subassemblies 
are three aluminium profiles 45x45 mm with a length 
of 550 mm (X and Y axis) and 300 mm length (Z 
axis) (Figure 16.). Aluminium profiles are supported 
by two supports on each side and they are connected 
to these supports using T screws and nut. Height of 
profiles for Y axis is 80 mm which is enough for 
proper machine functions. Same design solution is 
used for X axis profiles support. In this case supports 
are designed to support aluminium profiles and to 
hold stepper motors. 

 

 
 

Figure 16.  X and Y axis subassemblies 
 
Z axis subassembly has one vertically oriented 

aluminium profile which is connected to X axis using 
two supports (Figure 17.). The tool is connected to 
the rest of subassembly using two connectors. Inside 
diameter of these connectors is the same as outside 
diameter of the tool. Connectors are mounted using 
DIN 912 screws (M6x25). 

 
 
 
 

 
 

Figure 17.  Z axis subassembly 
 

For machine control, the GRBL software is used. 
This software is uploaded to the Arduino board 
which controls the stepper motors. The GRBL 
software translates the G-code to stepper motor 
movements. 

The designed, developed and manufactured milling 
machine is shown in Figure 18. 

 

 
 

Figure 18.  Manufactured milling machine 
 
7. Conclusion 

 
   In this paper, development, design and 

manufacturing of milling machine prototype, using 
standard aluminium profiles, is shown and described 
in detail. The whole methodology for new product 
development and design is shown, from initial 
concept design, through the development of CAD 
models up to manufacturing of real fully functional 
prototype. 

   The goal of the research was to develop and 
manufacture real fully functional prototype of milling 
machine which can be used for wood machining for 
hobby users and for teaching purposes for people and 
students who have a goal to enter the world of 
numerical computer control machining. 

   The methodology for new product design and 
development presented in this paper can be used for 
design, development and manufacturing of any new 
product. Rapid prototyping technology enables easy 
manufacturing of complex parts and assemblies. This 
can be used for fast manufacturing of real fully 
functional products, especially products which will 
be used in educational purposes.  
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