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Abstract 

In this paper, the design and development of a low-cost, 

table top, gantry type, computer numerically controlled 

laser cutting machine, aimed at precision machining of 

wood, acrylic and other similar materials is detailed. The 

purpose of this machine is to produce laser-cut profiles in 

two dimensions, from the input sheet of the aforementioned 

raw material(s). The machine has a working range of 

(440x220)mm. The machine can accept programs directly in 

G- and M-codes and an innovative mechanism to 

manipulate the “lasing” action of the laser diode using 

spindle controls has been implemented, using simpler, low 

cost equipment. The performance analysis of the machine 

has also been carried out with a comparison between the 

input profiles and the profiles produced by the machine. 

This CNC laser cutting machine can be implemented in to 

produce accurate profiles for research and development ( 

E.g. airfoils for testing in wind tunnels), hobbyists and 

modeling enthusiasts. It can also be implemented in rapid 

prototyping. 
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I. INTRODUCTION 

Precision machine tools are essential to modern 

industrial practice since they directly affect machining 

accuracy, repeatability, productivity, and efficiency [1]. The 

design of a precision machine tool can be broken down into 

the design of key elements based on the expected 

application area and its machining processes. There are a 

number of publications on design approaches to industrial 

machine tools. The recent trend towards the fabrication of 

miniature/micro-sized products and micro-sized featured 

products has resulted in challenges, such as the manufacture 

of microstructures and components with three-dimensional 

complex shapes or free-form surfaces [2]. Although 

considerable effort has been expended on the development 

of integrated-circuit based fabrication methods, mechanical 

ultraprecision machining is still the only viable technique to 

fabricate real three-dimensional miniaturized structures and 

free-form surfaces. This project aims to design and fabricate 

a low cost, computer numerically controlled(CNC), 2-

axis(gantry type) table top laser cutting machine capable of 

high precision cutting and engraving of paper, wood, 

acrylic, glass and other similar materials [3]. A working 

prototype has been developed which is user-friendly and can 

be used be controlled via a USB-interface with a PC. 

II. TECHNICAL DETAILS 

The various components and peripherals have been 

mounted and the machine is ready for operation [4]. The 

parts can be broadly classified into four major categories: 

motion control, chassis, electronics and the power supply.   

Controlled relative motion between the work-piece and 

the laser diode along with on-off action of the laser beam is 

required to achieve machining of the work-piece.  The 

motion of the laser diode is controlled along the X and Y 

axes, while the work-piece remains stationary. The two-axis 

motion of the laser diode is achieved using stepper motors 

and screw-rod mechanism, bolstered with guide-ways. The 

prototype is powered through an external power supply and 

the control inputs are provided to the CNC Shield through a 

USB interface. A set of access platforms mounted to the 

machine allow easy access to the upper head at any position 

in the cell, without necessitating a return to the park zone. 

This is in line with the design goal of minimizing overall 

panel build time, but these platforms also serve another 

purpose: they provide an optimum position for the fastener 

feed rack [5]. The rack is placed as close as possible to the 

upper head for very fast feed times. 

The details of how the CAD model is translated into the 

final machined profile are detailed in the flow chart Fig. 1. 
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Fig 1.  Process flow of our laser cutting machine 

 

A significant improvement of the cut quality might be 

achieved by means of an optimization system in order to 

obtain a more efficient removal of the molten material. 

A. Innovative Mechanisms 

There exist certain difficulties in controlling the setup 

directly using the Arduino IDE. Since machining processes 

are primarily programmed using G-codes and M-codes, 

there was a need to setup an environment where G-codes 

and M-codes could be directly input by the user to control 

our laser cutting machine. It was possible to achieve this by 

uploading a GRBL-based firmware onto the Arduino and 

using the open source “UniversalGCodeSender” software, 

which is a Java applet used to conveniently input the G- or 

M-codes.  

Normally, controlling the action of the laser would 

require a separate circuit in parallel to the one used to 

control the stepper motors [6]. However the complexity of 

this parallel circuit was reduced by treating the laser diode 

as a spindle.It was found that using this approach, by 

providing the codes to start, vary the speed and stop the 

spindle (M03, S1000 and M05 respectively), it was possible 

to switch on, control the intensity and switch off the laser 

diode. 

The recent trend towards the fabrication of 

miniature/micro-sized products and micro-sized featured 

products has resulted in challenges, such as the manufacture 

of microstructures and components with three-dimensional 

complex shapes or free-form surfaces [8]. Although 

considerable effort has been expended on the development 

of integrated-circuitbased fabrication methods, mechanical 

ultraprecision machining is still the only viable technique to 

fabricate real three-dimensional miniaturized structures and 

free-form surfaces. Therefore, there is a need for a precision 

machine design method able to meet the requirements of 

micro-sized products fabrication. Also, the machining 

dynamics of such a process  need to be fully understood. 

The load on the screw rod is also reduced by positioning the 

moving acrylic frame such that most of its weight is borne 

by the linear motion guide-ways [9]. The screw rod simply 

serves as the guide to control the motion of the acrylic frame 

and does not bear a large magnitude of the weight. This has 

the twin benefits of improving the accuracy of the system by 

ensuring that the stepper motor does not miss any “steps” 

due to the sheer weight of the frame and also minimizing the 

possibility of the screw rod bending due to excessive load. 

III. DESIGN METHODOLOGY 

Overall weight of the machine= 4.85 kg  

Material of chassis: Mild Steel Hot Rolled (MS HR) Yield 

strength of MS HR: 550MPa 

 Screw rod specifications: T8 X 2  

dm=mean diameter=8mm  

p=pitch=2mm  

dc=collar diameter  

W= weight to be lifted (pushed)=700g=0.7kg 

W=0.7*9.81=6.867 N  

Double start = 2*pitch=2*2=4mm 

D2=dm-1=7mm  

Tanα=
𝑙

𝜋𝑑2
=

4

𝜋∗7
=0.182 

µ = coefficient of friction=0.07                            

µc=0.101—for starting friction 

µc=0.084---for running friction 

Starting friction 

𝑡𝑎𝑛𝛼 ≥
 𝜇 ∗ 𝑑2 + (𝜇𝑐 ∗ 𝑑𝑐)

𝑑2 − 𝜇 ∗ 𝜇𝑐 ∗ 𝑑𝑐

 

If the above expression is satisfied, the force input by the 

stepper motors is insufficient to overcome the frictional 

force between the split nut and the screw threads, during 

starting. Substituting the values of the different variables, we 

get, , (considering µc=0.101 for starting friction), 

𝑡𝑎𝑛𝛼 ≥
 0.07 ∗ 7 + (0.101 ∗ 11)

 7 − (0.07 ∗ 0.101 ∗ 11)
 

0.182 ≥ 0.228 , which is false. Hence, the input force is 

sufficient to overcome the frictional force during starting. 

If the above expression is satisfied, the force input by the 

stepper motors is insufficient to overcome the frictional 

force between the split nut and the screw threads, during 

operation. 

Substituting the values of the different variables, we get, 

(considering µc=0.084 for running friction), 

𝑡𝑎𝑛 ∝≥
 0.07 ∗ 7 + (0.084 ∗ 11)

 7 − (0.07 ∗ 0.084 ∗ 11)
 

0.182 ≥ 0.202, which is false 
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Hence, the input force is sufficient to overcome the 

frictional force during operation ( Fig 2). 

Total torque required = T = Tl + Ta 

Where, 

𝑇𝑙 = [ 
𝐹𝑃𝐵

2𝜋𝑛
+

𝜇𝑜𝐹𝑜𝑃𝐵

2𝜋
]

1

𝑖
 

𝐹 = 𝐹𝐴 + 𝑚𝑔(𝑠𝑖𝑛𝜃 + 𝜇𝑐𝑜𝑠𝜃) 

and 

𝑇𝑎 = 𝐹𝑚 ∗ 𝑟 

𝐹𝑚 = 𝑚𝑎 

 
Fig 2. Forces acting on the screw rod 

F = Force in direction of motion 

FO = preload = 1/3 of F 

m = total mass of table and load=0.7kg 

a = acceleration of moving mass=(approximately) 3ms
-2

 

r = radius of lead screw = 4mm 

µO = internal friction coefficient of preload = 0.125 

n =efficiency = 0.85 (Assume) 

PB = Ball screw lead = 4mm 

FA= external force = 0N 

µ = friction coefficient of sliding surface = 0.05 

θ = Tilt angle = 0̊̊   

g = gravitational acceleration = 9.81ms
-2

 

I = gear ratio = 1 

Substituting the values of the different variables, we get,  

𝐹 = 0 + 0.7 ∗ 9.81 𝑠𝑖𝑛0 + 0.05𝑐𝑜𝑠0 = 0.343𝑁 

𝐹𝑂 =
1

3
∗ 0.343 = 0.11𝑁 

 

𝑇𝑙 =  
0.343 ∗ 4

2 ∗ 𝜋 ∗ 0.85
+

0.125 ∗ 0.114 ∗ 4

2 ∗ 𝜋
 ∗

1

1
 

𝑇𝑙 = [0.256 + 0.009071] 

Tl = 0.266Nmm 

Also, 

𝐹 = 0.7 ∗ 3 = 2.1𝑁 

𝑇𝑎 = 2.1 ∗ 0.004 = 0.0084𝑁𝑚 

𝑊𝐾𝑇𝑇𝑜𝑡𝑎𝑙𝑡𝑜𝑟𝑞𝑢𝑒 = 𝑇𝑙 + 𝑇𝑎  

𝑇𝑜𝑡𝑎𝑙𝑡𝑜𝑟𝑞𝑢𝑒 = 0.266 + 0.0084 = 0.2744𝑁𝑚 

The Nema-17 stepper motors being used have a rating of 

0.47Nm. 

Therefore, the maximum torque requirement is well within 

the working range of the stepper motors (Fig 2). 

Safe stress calculations 

 
Fig. 3.  Details of cross-section 

Consider the circular hole shown in Part-1 (Fig. 3) 

The section is subjected to a maximum stress given by 

Max stress = 
𝑊𝑒𝑖𝑔𝑡𝑜𝑓𝑡 𝑒𝑚𝑎𝑐 𝑖𝑛𝑒

 𝐶𝑟𝑜𝑠𝑠𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑎𝑟𝑒𝑎𝑜𝑓𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙𝑠𝑒𝑐𝑡𝑖𝑜𝑛
 

                           =
4.85 × 9.81

 210 − 20 × (3)
≃ 0.083 𝑁/𝑚𝑚2 

The yield strength of the chassis material is 550 MPa 

The induced stress is well within the yield strength of the 

material. Hence, design in safe. 

Consider the base of the end bracket shown in Part-1 (Fig. 

4.4, Detail-B) 

The section is subjected to a maximum stress given by 

Max stress=
𝑊𝑒𝑖𝑔𝑡𝑜𝑓𝑡 𝑒𝑚𝑎𝑐 𝑖𝑛𝑒

𝐶𝑟𝑜𝑠𝑠𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑎𝑟𝑒𝑎𝑜𝑓𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙𝑠𝑒𝑐𝑡𝑖𝑜𝑛
 

                           =
4.85 × 9.81

 26 + 26 × (3)
≃ 0.305 𝑁/𝑚𝑚2 

The yield strength of the chassis material is 550 MPa 

The induced stress is well within the yield strength of the 

material. Hence, design in safe. 

Consider the base of the chassis. The section is subjected to 

a maximum stress given by 

Max stress=
𝑊𝑒𝑖𝑔𝑡𝑜𝑓𝑡 𝑒𝑚𝑎𝑐 𝑖𝑛𝑒

𝐶𝑟𝑜𝑠𝑠𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑎𝑟𝑒𝑎𝑜𝑓𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙𝑠𝑒𝑐𝑡𝑖𝑜𝑛
 

                           =
4.85 × 9.81

 506 × (3)
≃ 0.031 𝑁/𝑚𝑚2 

The yield strength of the chassis material is 550 MPa 

The induced stress is well within the yield strength of the 

material. Hence, design in safe [11]. An analysis of the 

screw rod was carried out to obtain the maximum Von-

mises’s stress and deformation induced in the element using 
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ANSYS R15.0. This is because the screw rod is critical to 

the accuracy of the laser cutting machine and undue stresses 

may deform the screw rod, which may compromise the 

accuracy of the machine in subsequent iterations [13]. The 

results are detailed in Fig 4.. 

 
Fig 4. Stress analysis of the screw rod  

 

The maximum stress obtained is 13.891 Nmm
-2

, well within 

the yield strength of the material (550 Nmm
-2

) the material 

undergoes elastic deformation at full load condition and 

hence no failure takes place (Fig 5).  

 

 
Fig 5. Deformation analysis of the screw rod  

 

Deformation analysis was also performed on the 

machine in a similar fashion. The maximum deformation is 

found to be 0.4521mm. Since the screw rod is located in a 

plane parallel to the base of the acrylic frame at a distance of 

10mm, this deformation is well within the safe working 

range of the setup. 

 

IV. PROTOTYPE DEVELOPMENT 

During testing, the machine was provided with input to 

generate a NACA 0012 airfoil profile on 3mm thick balsa 

wood sheet (Fig 6). The input profile as well as the profile 

output from our machine was found to largely correspond. 

Minor deviations were observed [14-17]. These deviations 

are largely due to the limits of the GRBL software in 

handling floating point values. The input and output profiles 

are shown below. Working prototype of the CNC Laser 

cutting machine and final prototype shown in Fig 7 and 8. 

 
Fig 6. Profile machined onto balsa wood 

 

 

 
Fig 7. Virtual prototype of the final design 

 

 
Fig 8. Working prototype of the CNC Laser cutting 

machine 

 

 

Similar to the design of two dimensional processing 

systems, these units generally rely on precision ground ways 
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or slides to achieve accuracy and repeatability, while 

providing a sturdy base to mount either the workpiece or 

beam focusing optics. Rotary motion is obtained from 

commercially available rotary tables designed for precision, 

accuracy, and position repeatability. Low-scale, precision 

manufacturing: It can be used small scale industries, 

hobbyists and other similar scenarios. It can be used for 

machining typical materials such as wood and acrylic. 

Prototyping, for R and D applications: 

It can be used for fabricating complex profiles such as 

prototype airfoils for testing purposes, which require a 

certain degree of accuracy. Custom applications such as 

greeting cards, limited edition products etc. Integrating 

design software (such as SolidWorks) to provide a Graphical 

User Interface (GUI) as well automatically generate part 

programs from the drafted profile. Increasing the working 

area of the machine. Increasing the machine capabilities by 

adding another degree of freedom along Z-axis. Providing 

additional features such as automatic part orientation. 

V. CONCLUSIONS 

Our project was aimed at designing and developing a 

CNC Laser cutting machine which can machine commonly 

available materials like balsa wood (and materials of similar 

hardness and opacity) accurately, while remaining user-

friendly, portable and low-cost. The mechanism for motion 

control, frame and mobile chassis were all designed. The 

decision on the type of electronic controls to be employed, 

coding and interfacing were performed and the the stepper 

motors were also calibrated to improve accuracy. An 

innovative method of manipulating the “lasing” action of the 

laser diode using “spindle controls” was implemented, as 

compared to setting up a parallel circuit to carry out the 

same. This directly resulted in reduced complexity of the 

machine. The machine was subjected to various test runs. 

Initially, a fine tip marker was used to identify the locus of 

the diode and the physically obtained locus was compared 

with the locus input through G-codes and M-codes. Once 

satisfactory agreement was achieved between them, the 

marker was replaced with the laser diode. It was found that 

the cutting action of the machine was as expected and 

accurate profile of the NACA 0012 airfoil with a chord 

length of 100mm was fabricated using a balsa wood sheet as 

the starting material.  
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