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ABSTRACT

The increasing demand for compact, cost-effective, and efficient machining systems has driven the need
for the development of miniaturized machine tools capable of performing precision operations. This
project focuses on the design and development of a Mini Vertical Machining Center (Mini VMC) — a
small-scale, computer-controlled milling machine intended for educational, prototyping, and small-batch
production applications. The Mini VMC integrates the essential functionality of a full-sized VMC into a
compact form, providing an accessible platform for machining.

The design phase involved the systematic development of the machine structure using Computer-Aided
Design (CAD) tools such as Solid-works and Auto CAD, emphasizing rigidity, vibration damping, and
ease of assembly. The machine frame was designed using mild steel and aluminum alloys to balance
strength and weight, while precision linear bearings and lead screws ensured smooth and accurate
motion. The spindle system was powered by a high-speed DC motor, coupled with an ER col let chuck
to accommodate various cutting tools. The motion control was achieved through stepper motors
connected to a micro-controller-based CNC control unit, enabling three-axis motion and G-code.

INTRODUCTION

A Mini Vertical Machining Center (Mini VMC) is a compact, computer-controlled machining system
designed for precision metal cutting and shaping operations. Unlike conventional milling machines, Mini
VMCs are CNC-based, allowing automated control of cutting tools along multiple axes (typically X, Y,
and Z), which results in consistent production quality and reduced human intervention.

Mini VMCs are primarily designed to serve small-scale industries, educational institutions, research labs,
and prototype workshops where space and budget constraints exist but precision machining is still
essential. Their reduced footprint makes them ideal for limited workspace environments while still
offering the advanced functionality of full-size machining centers.

The structure of a Mini VMC generally includes key components such as the base, column, spindle,
worktable, tool changer, drive motors, and CNC controller. The spindle, driven by a high-speed motor,
performs the cutting operation, while the servo motors and ball screws ensure accurate and smooth
movement of the table and cutting tool. The CNC control system interprets programmed instructions (G-
codes and M-codes) to automate the machining process, ensuring precision and repeat ability.

Mini Vertical Machining Center combines compact design, automation, and precision—offering a cost-
effective and efficient solution for modern manufacturing needs. Its growing use in educational and
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industrial environments reflects the increasing demand for miniaturized yet powerful CNC machines that
can handle a wide range of materials and complex geometries with accuracy and ease.

MATERIALS AND EXPERIMENTAL PROCEDURE

The ISF is more suitable for the sheets having low thicknesses. Therefore, commercially available AA
6061 sheet with 1 thickness in annealed condition was chosen for this study. The Metalscan M2500 series
spectrometer was used for the analysis of chemical composition. The results are given in Table 1. The
AA 6061 alloy sheets were cut into 150x150 mm square blanks by shearing operation. One side of the
blanks were grid marked by chemical etching method. The grids were circles in rectangular array. They
were having a diameter of 2 mm. These grid circles were used to facilitate the strain measurement after
forming.

occurs. The grid circle will become ellipses with no change in minor diameter for plane strain condition.
The grid circle will become ellipse with larger minor diameter / larger circle for biaxial tension strain
condition. The change in diameter of the grid circle printed were measured using a Brinell microscope.
Then, the major strain (maximum value) and minor strain (minimum value) were calculated using the
equations (1) and (2) respectively. The forming limit diagram was drawn by taking major strain in y-axis
and minor strain in x axis. The SPIF’s FLD is peculiar in nature. It differs from the FLD of conventional
sheet metals forming processes. The experimental set up during the straight groove test is given in. In
this test, there are two locations where the fracture occurs. One location is the end of the groove. Another
location is at a point along the groove between the two ends. Due to the nature of the process, biaxial
strain condition is generated at the end of the groove and plane strain condition is generated between the
ends of the groove.

Results and Discussion

The presence of Mg and Si increases the possibility of solid solution strengthening in AA 6061. It also
makes the alloy harder to small extent. The tensile and yield strengths of the Al 6061 alloy are 310 MPa
and 276 MPA respectively. The flow characteristics of AA 6061 is inferior compared to pure Al due to
the above reason. Still, AA 6061 is considered to have good formability in conventional die and punch
forming. However, in ISF these effects will not seriously affect the formability. The Cr addition in the
AA 6061 alloys increases average strain hardening exponent (n) value [18]. The average strain hardening
exponent value enhances the formability in the tension-tension strain condition during forming process.
Since the tension-tension strain condition dominates in the ISF process, AA 6061 alloy sheet with
comparatively high Cr content will possess high incremental formability.

MANUFACTURE oF A VMC MACHINE

The fixed part consists of the machine base and the Z-axis driving mechanism attachment. The workpiece
is placed on the machine table and can move freely in the X- and Y-axis directions in the horizontal plane
using the standard actuators. The motor is attached to the lead screw. The tool holder carries the
machining tool to perform the movement in the Z-axis (vertical axis). To make a cost-effective CNC
machine model, we choose the option of the workpiece to move in the Y-direction. It has the advantage
of being easier to manufacture, and the machine part is also relatively compact, serving mainly in study
and research.

The workpiece plan moves on the Y axis, and the tool moves along the X and Z axes. The fixed part
includes the machine frame (or platform), the sliding axes, the motor, and the transmission mechanism
of the X and Y axes. Set of the machine frame consist in both X-axis and Y-axis attached on the sliders
fixed to the structure, the Z-axis slides on the X-axis, so there is a slider, a motor, and a transmission
mechanism of the Z-axis. On the Z-axis, there is a tool holder mechanism. The belt transmission is used
to drive between the shafts in order to save costs, easy maintenance, and smooth operation.
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We have defined defor-mations of the workpiece and instrument as the results of the simulation. The
resulting error was calculated as the algebraic difference between the deformations of instrument and of
workpiece (Fig. 2, a). To verify the adequacy of the model, the experiment was conducted. The ledge on
prismatic part was milled (with same parameters as in the finite element simulation), then deviations of
the machined surface from the nominal position were measured by indicator. The experiment and
analysis of the results were conducted so as to exclude other factors except static elas-tic deformations.

THE HARDWARE AND SOFTWARE SYSTEM

For the optimization, cost savings and fabrication simplification, all circuits are standard in the market,
including the Arduino Uno boards, as shown in Figure,

With Arduino, we can build electronic applications that interact with each other through software and
hardware support. For example, GRBL is an open-source software or trigger program that controls the
movements of a CNC machine. We can easily install the GRBL program for Arduino to have a low-cost
and high-performance CNC controller right away. GRBL uses G-code as an input signal, and an output
signal is used to control motion via Arduino. Control board: Arduino CNC shield V3 is an expansion
shield for Arduino Uno, allowing to control engraving machines. Laser, CNC milling machine, or mini
3D printer. Arduino CNC shield V3 enables control of up to 4 stepper motors via the A4988 or DRV8825
driver (with jumpers to control the stepper motor in the whole step, half step, 1/4, 1/8, or 1/16 mode).
Shield Arduino CNC — to connect the stepper motor controller to the Arduino, the simplest way is to use
the Arduino CNC shield. They use all the pins of the Arduino and provide the easiest way to connect to
everything, stepper motors, spindles, limit switches, heatsinks. In terms of software, the machine uses
the Arduino IDE (Arduino Integrated Development Environment), which is a text editor that helps users
write code to load into the Arduino board.
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X,Y,Z Motors And Drives

Academic Demonstrations of Advanced Manufacturing Concepts

Demonstrates the working principles of CNC technology, servo control, stepper motors, linear bearings,
and ball screws. Acts as a scaled-down version of industrial VMCs to showcase Computer-Aided
Manufacturing (CAM) and CAD-CAM integration and helps bridge the gap between theoretical learning
and practical industrial applications.

Motivation

A Mini VMC project bridges this gap by providing a hands-on learning platform for understanding CNC
programming, automation, and precision machining principles. It allows students to explore how
mechanical design, electronics, and control systems integrate to form an automated machine tool. From
an industrial perspective, the motivation also lies in supporting small-scale manufacturers and start ups,
who require flexible and affordable CNC machines for prototype development, small-batch production,
and customized part manufacturing.

In summary, the motivation for the Mini VMC project is to develop a practical, low-cost, and educational
CNC machining solution that enhances learning, promotes innovation, and supports modern
manufacturing needs in both academic and industrial sectors.

In today’s rapidly advancing manufacturing landscape, precision, efficiency, and affordability are more
important than ever. Traditional machining systems, while powerful, are often expensive, bulky, and
inaccessible to small-scale industries, educational institutions, and individual innovators. This gap
creates a strong need for a compact, cost-effective, and efficient solution that can deliver high-quality
machining without the limitations of conventional systems. The development of a Mini Vertical
Machining Center (Mini VMC) machine is driven by this very need.

One of the primary motivations behind designing a Mini VMC machine is to make advanced
manufacturing technology more accessible. Large VMC machines require significant investment, both
in terms of initial cost and operational expenses. This makes them impractical for small workshops, start
ups, and academic labs. A Mini VMC, on the other hand, reduces the cost barrier while still providing
essential features such as multi-axis control, precision cutting, and automation. By lowering the entry
threshold, it empowers a wider range of users to adopt modern machining techniques.
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Precision and repeat ability are fundamental requirements in modern manufacturing. Despite its smaller
size, a well-designed Mini VMC machine can achieve a high level of accuracy. This makes it suitable
for tasks such as prototyping, small-batch production, and detailed component fabrication. The
motivation here is to ensure that users do not have to compromise on quality while opting for a compact
solution. With advancements in control systems, stepper motors, and software integration, Mini VMC
machines can deliver consistent and reliable performance.

Energy efficiency is also a significant consideration. Traditional machining centers consume a large
amount of power, which not only increases operational costs but also has environmental implications. A
Mini VMC machine is designed to operate with lower power consumption while still maintaining
effective performance. This aligns with the global push toward sustainable and energy-efficient
technologies. By reducing energy usage, it contributes to a more environmentally responsible approach
to manufacturing.

Problem Definition

Design and develop a compact, cost-effective, and automated Mini Vertical Machining Center that can
perform precision machining operations with high accuracy, reduced human effort, and suitability for
educational and small-scale industrial applications. In current educational and industrial setups,
machining operations are still carried out on manual milling machines, which require skilled labor and
provide lower accuracy and repeat ability. Additionally, the absence of low-cost automated systems
restricts innovation and learning in CNC programming, automation, and smart manufacturing
technologies.

Hence, the problem is to design and develop a compact, low-cost, and fully functional Mini VMC that
can perform essential machining operations like milling, drilling, tapping, and engraving with high
precision and automation similar to industrial machines. The system should integrate mechanical,
electrical, and software components including servo or stepper motors, ball screw drives, and a CNC
controller to achieve automated control of tool movement in the X, Y, and Z axes.0

Literature Review
1. Designing of Mini VMC Machine Year: (paper PDF hosted online:-2019-2020).
1IJSRD

Presents the concept and prototype of a low-cost mini VMC able to “draw” or machine surfaces using
three stepper motors (X, Y, Z). Focuses on mechanical layout, motor selection, and controller integration
to make a compact educational/entry-level milling system.

2. Development and Implementation of a Mini CNC Milling Machine Year: 2021
Tran Thanh Tung, Nguyen Xuan Quynh, Tran Vu Minh

The study aims to design and manufacture a 3-axis mini vertical CNC milling machine at low cost but
with full functional features comparable to industrial machines

3. Design and Fabrication of 3-axis Mini-CNC Milling Year: 2021
IJRPR
This article describes the design and fabrication of a 3-axis mini CNC milling machine. It is PC-based,

reads G-code input, and performs machining operations within a constrained workspace.
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4. Review Paper on Arduous Based Mini CNC Machine Year: 2023
Nitin S. Shewale, Sachin F. Shewale, Abhijit A. Bhosale, Maheshkumar S. Pimpale

They detail the components typically used (frame, stepper motors, drivers, spindle, Arduino control).
The authors review existing projects of Arduino-controlled mini CNC machines.

5. Development and Application of Educational Mini CNC Milling Machines Year: 2022
Farzad Vesali, Mohammad Ali Rezvani

6. Influence of Ball Screws on the Accuracy of Mini CNC Machines Year: 2020
R. Patel

This study focuses on the role of ball screws in improving the accuracy and repeatability of mini CNC
machines

7. IoT-based Control of a Mini CNC Machine Year: 2020
P.S. Rao et al.

This study discusses the challenges of achieving real-time control with a low-cost microcontroller and
proposes solutions to ensure accurate and synchronized movements.

8. Static and Dynamic Stiffness Analysis of a Mini Milling Machine Spin die Year: 2021
M. Singh et al.

The authors use Finite Element Analysis (FEA) to analyze the static and dynamic stiffness of the spindle,
which is critical for machining accuracy and tool life

9. A Study on the Structural Rigidity of Mini VMC Frames Year: 2021
A. Roy & K. K. Sharma

This research investigates the effect of thermal expansion and contraction on the accuracy of a mini
VMC and proposes methods to compensate for it

10. Machining parameters optimization for face milling operation in a vertical CNC milling
machine 2022
M.S.S. Kiran Varma etal.

Face milling of AI 7075 on VMC: spindle speed, feed rate, depth of cut optimized via Taguchi; optimal
for MRR: 3500 rpm, 400mm/min, 0.3; for surface finish: 0.2 mm depth

11. Parameters optimization in verical machining center CNC for EN45 (steel alloy) using
response surface methodology 2016

Ajay Kumar etal.

RSM used on VMC (EN4S5 steel): spindle speed, feed, depth of cut optimize to maximize MRR and
minimize surface roughness; feed and depth most significant.

12. A Survey of Path Planning and Feed rate Interpolation in Computer Numerical Control
Year: 2023

Hong-yu Ma, Li-yong Shen, Xin Jiang, Qiang Zou, Chun-ming Yuan
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This is a systematic survey covering tool path planning, feed rate interpolation, cornering strategies, G-
code processing, and optimization methods for CNC machining.

13. Design & Development of Portable Milling Machine Year: 2020
Manjunatha C. J., Manjunath K., Suresha P. (India)

Describes a low cost portable 3-axis milling machine using Arduino-based embedded control. Features
include PC interface, stepper motors, offline G-code parser, lower cost.

14. Static and Dynamic Analysis of Base of Vertical Machining Center — A Review Year:
2015

Nikunj Aadeshra, Prof. R. L. Patel.

Review paper on base component of VMC; covers static stiffness, dynamic vibration, how structure
affects accuracy and repeatability. Useful for understanding what parts of machine influence precision.

15. Optimization and modeling of machining parameters in end milling operation using Box
Behnken technique 2024
Vineet Dubey et al.

End milling experiments on VMC using Box Behnken design: feed rate, cutting speed, depth of cut
varied to model and optimized surface finish and productivity via ANOVA and regression.

16. Deep learning tool wear prediction in milling based on a process-integrated single-sensor
approach 2024

Zongshuo Li et al. CNN model including cutting parameters to improve transfer-ability; supports zero-
shot estimation across new conditions with higher accuracy than models without conditions inputs.

17. Data —driven tool wear predictions in milling based on a process-integrated single-sensor
approach 2024

Eric Hirsch & Christian Friedrich.
Single-acceleration sensor+ ML models (CNN, LSM , SVM); convent achieved 99.1% accuracy even

with small training data.

18. Project and Construction of a Small CNC Milling Machine Year: 2018
Jakub Bartczak; Wojciech Pawlak; Pawet Stabla

Describes a student project building a small CNC milling machine. Has FEM analysis to aid selection
of part shapes, layout, stiffness.

19. Design and Manufacturing of Mini CNC Plotter Machine Year: 2022
V.P. Gaikwad et al

This paper details the design and manufacturing of a mini-CNC plotter, which is a variation of a mini
VMC. Presents a 3-axis mini VMC developed for teaching; measures vibration across spindle speeds
and cutting depths to identify optimum spindle speed for reduced chatter and improved surface finish.
Good reference for vibration analysis on small VMCs.

20. Comparison of Stepper and Servo Motors for Mini CNC Applications. Year: 2019

M.K. Sharma.
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Compares the performance of stepper motors, which are commonly used in mini VMCs for cost
reasons, with servo motors.

21. A Study on the Structural Rigidity of Mini VMC Frames Year: 2021
S. Das et al.

Examines the structural rigidity of mini VMC frames made from different materials (e.g., aluminum
extrusion, steel) using FEA.

List of pattern survey
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FRAME / STRUCTURE

MOTOR SYSTEMS

Stator Cup A

SPINDLE DRIVE
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XY Z STEPPERS MOTOR’S

28373 ijariie.com 1781



Vol-12 Issue-2 2026 IJARIIE-ISSN(O)-2395-4396

Design and Development
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s Key dimensions from drawing (used below) Working travels: X =450 mm, Y =300 mm, Z
= 150 mm. Approx machine width: 900 mm (useful for table span). Pillar spacing (assumed)
between supports: L = 800 mm

« Assumptions (changeable): - Maximum cutting (tangential) force on the tool: Fc = 1,200 N
(moderate milling). — I will also show a lighter-case with Fc = 500 N for comparison.

1. Ball screw lead (chosen): lead = 5.0 mm/rev (common for small VMC X axis).
2. Ball screw efficiency (rotational — linear): n = 0.90.

3. Rapid feed (example): Vr = 3,000 mm/min (50 mm/s). Cutting feed typical Vf = 1,000
mm/min (16.67 mm/s).

4. Motor rpm needed for Vr with chosen lead: n = Vr/ lead (rev/min).

5. Inertia/accel loads approximated: moving mass m = 10 kg (saddle + spindle carriage),
acceleration a = 5 m/s?> — inertial force Fi=m-a =50 N.

6. Safety factor for motor torque and structural strength: SF = 2.0 (typical starting point).

7. Allowable bending stress for mild steel: ¢_allow =~ 120 MPa (after safety factor).
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R/

¢ Motor speed (to achieve Vr = 3,000 mm/min)

* Lead = 5.0 mm/rev

* Vr = 3,000 mm/min => revolutions per minute (n)

*n=Vr/lead n=3000/5 =600 rev/min.

» Compute angular speed o (rad/s)

c0=27mn/60=2x3.14%600/60=2x3.14x 10 =62.8318rad/s. (We’ll use ® ~ 62.832 rad/s.)
«+ Torque to overcome axial cutting force (direct drive, ball screw)

* For converting axial force Fa (assume Fa = Fc + inertial = 1200 + 50 = 1250 N) to required torque at
the screw

* Formula (approx for translating screw with efficiency n): T = (Fa - lead) / (2-7'n)
» Compute Fa: Fa=Fc + Fi= 1200 + 50 = 1250 N.

* numerator = Fa x lead = 1250 x 0.005 = 6.25 N-m. denominator = 2-wt'n=2 x 3.14 x 0.9 =5.652 T =
6.25/5.652=1.105 N'm (rounded).

* So required steady torque at the screw ~ 1.105 N-m.

* Apply safety factor SF =2.0: T required motor = 1.105 x 2.0 =2.210 N-m.

®,

¢ Motor power at that speed

*P mech=Tx o

* Using raw torque (without SF) for mechanical power
*+P=1.105 x 62.83 =69.44 W (= 69.4 W).

* With safety factor torque (T required motor =2.210 N-m)

* P_required =~ 2.210 x 62.831=138.88 W (= 139 W).

< Ball Screw Drive
* A servo/stepper motor capable of ~2.2 N-m continuous torque at up to ~600 rpm (peak higher for
transient) and ~0.15 kW shaft power is sufficient for these cutting loads and feed speeds. Typical
selection: a 200400 W servo with rated torque = 2—4 N-m is appropriate.

+« Ball screw selection (axial load capacity)

* Axial load to support: Fa = 1,250 N.

* Choose a ball screw with a dynamic load rating (C) comfortably above Fa — rule of thumb
for durability: C > 5x Fa — C > 6,250 N. Prefer C = 10,000 N or higher for long life.

* That translates to typical metric screws: @16 mm screws with appropriate nut often have
C_dyn in 8-15 kN range (confirm with vendor).

« Load share on rails
* For long life, choose rail block with C_dyn >> 625 N. Typical small linear guides: C_dyn =
5,000-10,000 N.
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* Recommendation: use 20 mm profile rails (e.g., 20x... series) with block C dyn > 5,000 N
(gives good life and stiffness for mini VMC).

7

< Power (approx) required to remove material:
* P cut (kW) =TFc x Vc/ (60 x 1000)

* Where Vc = cutting speed (m/min). Let’s pick a typical Vc = 150 m/min (depends on
tool/material).

» Compute (for Fc = 1200 N)
» factor = Vc / (60 x 1000) = 150 / 60000 = 0.0025. P_cut = 1200 x 0.0025 = 3.000 kW.
* So P_cut=3.0 kW for Fc = 1200 N and V¢ = 150 m/min.

* For the lighter case Fc = 500 N: P_cut =500 x 0.0025 = 1.25 kW.

RESEARCH GAP

Structural rigidity and vibration suppression a lack of robust, cost-effective structural materials and joint
designs that can withstand the cutting forces required for machining hard metals (like steel or titanium)
without inducing chatter and tool failure. Current research focuses heavily on using lightweight, low-
cost materials (e.g., aluminum extrusions), which sacrifices rigidity. Research focus development of
topology-optimized machine frames for stiffness-to-weight ratio using advanced composite, high-density
polymers or hybrid material construction. Creative active or passive vibration damping systems tailored
to the low natural frequencies typical of small-scale machines.

Machining strategy and tool path optimization for low-power/high-speed spindles conventional CAM
strategies are designed for high-power, high-torque industrial spindles. These strategies are inefficient
and often destructive on the low-torque, high-speed spindles common in mini-VMCs, leading to
excessive tool wear or machine overload. Driven tool path optimization that dynamically adjusts feed
rates, spindle sped, and step over based on predicted cutting force and available motor power in real-
time.
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Actual Working Model
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Designing of Our University Logo

Assembly of PLC Units

The Programmable Logic Controller (PLC) is used for automatic control of equipment. The PLC works
in a cycle scan mode. The working process consists of three stages: input sampling, program execution
and output update. The PLC is adopted in CNC machine tools, mainly for the periphery of machine tools,
auxiliary electrical control, and also called PMC (programmable machine tool controller).

(1) External wiring of PLC

The lubrication system of auxiliary electrical control system has 2 inputs and 2 alarm outputs; The
cooling system has 2 inputs and 2 alarm outputs; the automatic tool setting system has 6 inputs and 6
alarm outputs; The lighting and signaling system has 1 input and 4 outputs; the tool change system has
5 inputs and 5 outputs. There shall be 1/3 of the allowance for selection of PLC. We use HC-241 SMR
PLC with 24 inputs and 15 outputs and scanning frequency up to 1000HZ, fully meeting the requirements.

Bill of Material
SR COMPONENTS. APPROAX

NO. Qry.
1.  MOTOR (SERVO/STEEPER) 03 NOS 8000 24000
2.  SPINDLE MOTOR 01 NOS 6000 6000
3.  BALL SCREW 2 METER 2800 5600
4.  BALL SCREW NUT 03 NOS 1950 5850
5.  BALL SCREW SUPPORT 03 NOS 2000 6000
6.  BALL SCREW END SUPPORT 03 NOS 900 2700
7.  COUPLING 03 NOS 900 2700
8.  LINEAR GUIDE RAIL 4.5 METER 1500 6750
9.  LINEAR GUIDE RAIL BEARING 12 NOS 600 7200
10  CONTROLLER 01 SET 25000 25000
11.  HARDWARE (ALLEN BOLT- NUT-WASHER) - 3000
12.  BODY FABRICATION MATERIAL 150 TO 180 KG =~ - 18000

TOTAL R 112800/-
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Limitation and Future Scope

1. Limited Work Envelope: - One of the most significant limitations of a Mini VMC machine is its
restricted working area. Due to its compact size, the machine can only accommodate small work pieces.
This makes it unsuitable for large-scale manufacturing or machining of bulky components such as
automotive frames or heavy industrial parts.

2. Lower Structural Rigidity: - Mini VMC machines are generally lighter and less rigid compared to full-
sized VMCs. The reduced structural strength can lead to vibrations during machining, especially when
cutting harder materials like steel or titanium. These vibrations may affect surface finish and dimensional
accuracy.

3. Reduced Cutting Power: - The spindle motor in a Mini VMC typically has lower power output. As a
result, it cannot handle heavy cutting operations or high material removal rates. This limitation restricts
its use to softer materials such as plastics, wood, aluminium, and mild steel.

4. Limited Tool Capacity: - Most Mini VMC machines have a smaller tool magazine or may even require
manual tool changes. This reduces automation and increases machining time, especially for complex
components requiring multiple tools.

5. Accuracy Constraints Under Load: - While Mini VMC machines can achieve good precision for small
tasks, their accuracy may decrease under higher loads or prolonged operation. Thermal expansion,
vibrations, and component wear can further affect machining consistency.

6. Durability and Wear Issues: - Due to the use of lightweight materials and compact components, Mini
VMC machines may experience faster wear and tear. Bearings, guide ways, and spindles may require
frequent maintenance or replacement.

7. Limited Industrial Application: - Because of the above constraints, Mini VMC machines are not ideal
for heavy-duty industrial applications. They are primarily confined to prototyping, educational use, and
small-batch production.

Future Scope

1. Integration with Advanced CNC Systems: - Future Mini VMC machines will incorporate more
advanced CNC controllers with improved processing power and user-friendly interfaces. This will enable
better precision, faster computations, and smoother machining operations.

2. Adoption of IoT and Smart Manufacturing: - The integration of Internet of Things (IoT) technology
will allow Mini VMC machines to become part of smart manufacturing systems. Real-time monitoring,
predictive maintenance, and remote operation will enhance efficiency and reduce downtime.

3. Improved Materials and Structural Design: - Advancements in materials such as composite alloys and
reinforced polymers can improve machine rigidity without significantly increasing weight. This will
reduce vibrations and enhance machining accuracy.

4. Enhanced Spindle Technology: - Future developments in spindle design may lead to higher speeds
and better torque capabilities. This will allow Mini VMC machines to handle a wider range of materials,
including harder metals.

5. Integration with CAD/CAM Software: - Future Mini VMC machines will offer seamless integration
with advanced CAD/CAM software. This will simplify the design-to-production work-flow and enable
users to create highly complex components with ease.

6. Energy Efficiency Improvements: - With growing emphasis on sustainability, Mini VMC machines

are expected to become more energy-efficient. Optimized motors and power systems will reduce energy
consumption while maintaining performance.
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7. Hybrid Manufacturing Capabilities: - One of the most exciting future possibilities is the integration of
additive manufacturing (3D printing) with subtraction machining. Hybrid Mini VMC machines could
both build and finish components, offering greater flexibility and innovation.

Summary

A Mini Vertical Machining Center (Mini VMC) machine is a compact and efficient computer numerical
control (CNC) milling machine designed for precision machining of small to medium-sized components.
It is widely used in educational institutions, research laboratories, small-scale industries, and prototyping
environments. The Mini VMC combines the essential features of a full-sized VMC—such as automation,
multi-axis movement, and high precision—into a smaller, more affordable, and space-efficient system.
This makes it an ideal solution for users who require accurate machining capabilities but have limitations
in terms of budget, space, or production scale.

The development of Mini VMC machines reflects the growing demand for accessible and flexible
manufacturing tools. With advancements in CNC technology, electronics, and materials, these machines
are becoming increasingly capable and reliable, making them a valuable asset in modern manufacturing
and engineering education.

Working Principle

The Mini VMC machine operates based on CNC technology, where machining operations are controlled
by a computer program. The user designs a component using CAD (Computer-Aided Design) software
and then converts it into a machine-readable format using CAM (Computer-Aided Manufacturing)
software. The generated code, typically in G-code format, is fed into the CNC controller of the Mini
VMC.

Once the program is executed, the machine automatically controls the movement of the cutting tool along
different axes—usually X, Y, and Z. The spindle rotates the cutting tool at high speed, while the work-
piece is held firmly on the machine table. The tool removes material layer by layer to produce the desired
shape with high accuracy and repeat-ability.

Main Components of Mini VMC Machine

1. Base and Column
The base provides structural support and stability to the machine, while the column supports the
spindle and allows vertical movement. These components are designed to minimize vibrations
and maintain alignment during machining.

2. Spindle Unit
The spindle is the rotating component that holds and drives the cutting tool. It operates at
varying speeds depending on the material and machining requirements.

3. Worktable
The worktable is used to secure the work piece. It can move along the X and Y axes, enabling
precise positioning of the material.

4. Axis Drives and Motors
Stepper or servo motors are used to control the movement of the machine along the X, Y, and
Z axes. These motors ensure accurate and controlled motion.

5. CNC Controller
The CNC controller acts as the brain of the machine. It interprets the G-code and sends
commands to the motors and spindle to perform machining operations.

6. Tool Holder and Tooling System
The tool holder secures the cutting tool in the spindle. Some Mini VMC machines include
automatic tool changers, while others require manual tool replacement.

7. Guideway s and Bearings
These components ensure smooth and precise movement of the machine parts while reducing
friction and wear.
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Conclusion

The Mini VMC machine is a powerful and versatile tool that brings advanced machining capabilities to
a broader range of users. Its compact size, affordability, and precision make it an ideal choice for
education, prototyping, and small-scale production. While it has certain limitations in terms of power
and capacity, its advantages far outweigh these drawbacks for its intended applications.

As technology continues to evolve, Mini VMC machines are expected to become more advanced,
efficient, and widely used. They play a crucial role in bridging the gap between traditional machining
and modern manufacturing needs, empowering students, engineers, and entrepreneurs to innovate and
create with ease.

In summary, the Mini VMC machine represents a significant step forward in making precision machining
accessible, flexible, and efficient, contributing to the growth of modern engineering and manufacturing
industries.

REFERENCES

WEDSITE : 1. https://scholar.google.com/
2. https://www.researchgate.net

ARTICLE :

1. Ali, S. M., & Mohsin, H. (2021). Design and fabrication of 3-axes mini-VMC
milling machine. [OP Conference Series.

2. Tran, T., et al. (2021). Development and implementation of a mini-VMC milling
machine. Acta Marshiness.

3. Jiang, S., & Min, X. (2012). Thermal design of vertical machining centre headstock.
Journal of Mechanical Engineering Science.

4. Zhou, X., & Pan, J. (2022). Development and application of educational mini-VMC
milling machines.

5. Tran, T. T., et al. (2021). Development and implementation of a mini-VMC milling
machine.

6. Silo Riya, M., et al. (2023). Design and fabrication of 3-axis mini-VMC milling
machine using Mach3.

7. Abd Rahman, Z., et al. (2023). Design and development of 3-axis benchtop VMC
milling machine for educational purpose.

8. Zhao, W, et al. (2025). Predictive maintenance of milling machines using machine
learning.

9. Educational mini VMC milling machine design and experiment study. (2022).

10. Nikita R S and Girish M D 2013 Prototype Development of Milling Machine Using
CAD/CAM (International Journal of Science and Research (vol 4 no 8 pp 1078—1083.

11. Bangse K, Wibolo A and Wiryanta I K 2020 Design and Fabrication of a CNC Router
Machine for Wood Engraving (Journal of Physics: Conference Series) vol 1450 .

12. Dilshad E, Ashfaq U, Ashick, Shaheem M V, Alfaz P and Sarbas M M 2018
Fabrication of Three Axis CNC Milling Machine (International Journal of Innovative
Science and Research Technology) vol 3no 5 .

13. Lin P W 2018 Design and Fabrication of a Small-scale CNC Milling Machine
(InternationaJournal of Scientific and Engineering Research) vol 9 no 8.

14. Patel P, Pavagadhi S and Acharya S G 2019 Fabrication of Portable 3 Axis CNC
Router Machine (International Journal of Technical Innovation in Modern Engineering
and Science).

15. Benardos P.G., Vosniakos G.-C.: Predicting surface roughness in machining: a review.
International Journal of Machine Tools & Manufacture 43 (2003).

16. iko E., Konstytuowanie mikronierowno ci powierzchni metalowych obrution narz
dziami zdefiniowanej stereometric Ostry (Determination of the micro irregularities on
metallic surfaces sculptured by cutting tools with defined stereometry),

28373 ijariie.com 1789


https://scholar.google.com/
https://www.researchgate.net/

Vol-12 Issue-2 2026 1JARIIE-ISSN(0)-2395-4396

17. Bayliss GM, Bowyer A, Taylor RI, Willis PJ (1994). Set-theoretic Solid Modelling
Techniques and Applications. Virtual Manufacturing Proceedings, CSG 94,
Winchester, UK.

18. Saad, M.A. and Haider, M. (2010), Design and Fabrication of 3-Axes Mini CNC
Milling Machine.

19. Rastvorova, LI, and Klyucherev, N.A. (2021), Design and modelling of a universal
CNC machine.

20. Narayanasamy R. and Sathyanarayana C., Formability of HSLA and EDDQ steels of
tube products of India, Indian Journal of Engineering and Material Science, 12 (2005).

28373 ijariie.com 1790



