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Abstract— Automatic painting machines represent a significant advancement in the integration of robotics and embedded systems
for industrial and artistic applications. This research presents the design, development, and implementation of an automatic painting
machine using an Arduino microcontroller. The proposed system employs a Cartesian coordinate-based mechanism driven by stepper
motors and servo actuators to execute precise, programmable painting strokes on flat surfaces. The machine interprets digital image
data or user-defined patterns and translates them into motor control signals, enabling autonomous surface painting without human
intervention. The system incorporates components such as an Arduino Uno, NEMA stepper motors, motor driver modules, a servo-
controlled paint brush mechanism, and a structured aluminum frame. Path planning algorithms are implemented to optimize
movement and minimize paint wastage. Experimental results demonstrate that the proposed system achieves approximately 85%
pattern accuracy on standard flat surfaces, with significant improvements in consistency and repeatability compared to manual
painting. This research highlights the potential of low-cost embedded systems in automating labor-intensive tasks and contributes
toward intelligent automation solutions in manufacturing, construction, and creative industries.
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reconfigurable alternative that bridges the gap between manual
. INTRODUCTION craftsmanship and industrial automation.

The automation of repetitive and labor-intensive tasks has
long been a central goal of industrial engineering and robotics.
Among such tasks, surface painting stands out as a process that
demands consistency, precision, and efficiency — qualities that
are difficult to achieve through manual labor alone. Whether
applied in construction, automotive manufacturing, artistic
production, or architectural design, painting requires controlled
motion, uniform pressure, and accurate coverage. The
development of automatic painting machines addresses these
challenges by leveraging the capabilities of embedded systems
and mechatronic design. This research presents a complete framework for designing
and implementing such a system. The hardware design
encompasses the mechanical structure, motor selection, driver
configuration, and brush mechanism. The software design
covers the coordinate mapping algorithm, G-code
interpretation, and real-time motor control logic implemented
on the Arduino platform. The system is evaluated for accuracy,
repeatability, speed, and paint coverage on standard flat

The principle underlying this system is similar to that of a
Computer Numerical Control (CNC) machine. A digital design
input — either generated by software or defined by user
parameters — is converted into a series of motor commands
that guide a paint applicator along a defined trajectory. The X-
axis and Y-axis movements are independently controlled by
stepper motors, ensuring accurate positioning. A servo motor
governs the vertical movement of the brush or paint nozzle,
controlling when the paint is applied to the surface.

Arduino-based systems have emerged as a highly
accessible and versatile platform for developing low-cost
automation solutions. The Arduino microcontroller, known for
its simplicity, open-source nature, and rich ecosystem of
libraries and shields, provides an ideal foundation for
controlling motors, sensors, and actuators in real time. By
combining Arduino with stepper motors, servo mechanisms,

. ) surfaces.
and a structured frame, it becomes possible to construct a
Cartesian coordinate-based painting system capable of The remainder of this paper is organized as follows: the
executing complex patterns on flat surfaces. Literature Review surveys existing research in automated

painting and CNC-based systems; the Research Methodology
describes the hardware and software design; the Results and
Discussion presents experimental findings; and the Conclusion
outlines contributions and directions for future work.

Traditional painting methods, whether manual or semi-
automated, are associated with several limitations. Manual
painting introduces inconsistencies in stroke width, pressure,
and coverage, particularly over large surface areas. Industrial
spray painting systems, while offering speed, often lack fine
control over pattern geometry and are expensive to deploy and
maintain. In contrast, an Arduino-driven automatic painting
machine offers a cost-effective, programmable, and easily
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II. LITERATURE REVIEW

A. Overview of Existing Research

The intersection of embedded systems, robotics, and
painting automation has attracted growing research interest in
recent years. Early work in this domain focused on large-scale
industrial spray painting systems used in automotive
manufacturing. These systems, while highly effective, relied on
expensive robotic arms and proprietary control software,
making them inaccessible for educational or small-scale
applications.

With the democratization of microcontroller platforms such
as Arduino, Raspberry Pi, and STM32, researchers have begun
exploring low-cost alternatives for automated painting and
surface  finishing. These platforms offer sufficient
computational power and I/O capabilities to drive stepper
motors, read sensor inputs, and execute path planning
algorithms in real time. The open-source nature of these
platforms further accelerates development and community-
based innovation.

CNC-based plotters and drawing machines represent a
closely related field. These systems, originally developed for
precision engraving and milling, have been adapted for
painting and artistic applications. Studies have demonstrated
that CNC-style mechanisms, when equipped with paint brushes
or spray nozzles, can replicate digital artwork with high fidelity
on canvas, wood, and wall surfaces.

B. Discussion of Key Papers and Methods

Several notable studies have contributed to the
development of automatic painting and drawing machines.
Gupta et al. (2021) proposed an Arduino-based wall-painting
robot capable of reproducing digital images on large vertical
surfaces. Their system employed a belt-driven mechanism for
horizontal movement and a rope-suspension system for vertical
positioning. While innovative, the system was limited to wall
surfaces and required complex calibration.

Kumar and Patel (2020) developed a tabletop CNC painting
machine using GRBL firmware on an Arduino Uno. The
system interpreted SVG image files and converted them into
G-code instructions executed by the stepper motor drivers. The
authors reported high accuracy for simple geometric patterns
but noted limitations in rendering continuous-tone photographs
due to resolution constraints.

Sharma et al. (2022) investigated the integration of image
processing techniques with a brush-based painting robot. By
applying edge detection and path optimization algorithms, the
system was able to reduce brush strokes while maintaining
visual fidelity. The use of Bresenham's line algorithm for path
planning significantly improved stroke efficiency.

In another study, Mehta and Joshi (2019) explored servo-
controlled brush pressure regulation in a CNC painting system.
They demonstrated that adaptive pressure control improved
paint distribution and reduced uneven coverage, particularly on
textured surfaces. Their findings underscore the importance of
the Z-axis (vertical) control mechanism in painting automation.

Research by Agarwal et al. (2023) focused on the software
architecture of painting robots, proposing a modular firmware
design that separated path planning, motor control, and user
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interface functions. This architecture improved maintainability
and allowed the system to support multiple painting modes,
including contour tracing and fill painting.

C. Comparison and Analysis of Existing Approaches

A comparative review of existing automatic painting
systems reveals significant variation in complexity, cost, and
capability. Industrial robotic painting systems offer the highest
precision and speed but require substantial capital investment
and specialized expertise. Mid-range CNC systems provide
good accuracy at moderate cost but are typically limited to flat
surfaces and small workspaces.

Arduino-based systems represent the most accessible tier,
offering flexibility and low cost at the expense of some
precision and speed. The choice of motor type — stepper
versus DC with encoders — significantly affects positioning
accuracy. Stepper motors are widely preferred for open-loop
control due to their predictable step-angle characteristics,
although they may lose steps under high loads.

Path planning is another critical differentiator among
systems. Simple systems follow raster scan patterns, while
more advanced implementations employ vector-based path
optimization to minimize travel distance and improve
efficiency. The adoption of standard firmware such as GRBL
has simplified the development of Arduino-based CNC
painting systems by providing a well-tested G-code interpreter.

D. Research Gaps

Despite considerable progress, several gaps remain in the
existing literature. Most Arduino-based painting systems are
designed for horizontal tabletop surfaces and cannot easily be
adapted for vertical or curved surfaces. There is limited
research on adaptive paint flow control, which is essential for
achieving uniform coverage with varying brush speeds.

Few studies address the integration of computer vision for
real-time feedback and error correction in painting systems.
The ability to detect misalignment or paint defects during
operation and correct them autonomously would significantly
improve output quality. Additionally, most existing systems
rely on pre-converted G-code files, limiting user accessibility
and real-time interaction.

The use of machine learning for stroke optimization and
pattern generation in painting robots is largely unexplored at
the Arduino level. Incorporating lightweight inference models
could enable the system to adapt its painting strategy based on
surface texture and paint viscosity.

E. Proposed Work and Positioning

The present study aims to address these gaps by designing a
compact, low-cost, and programmable automatic painting
machine using an Arduino Uno microcontroller. The proposed
system integrates stepper motors for X-Y axis movement, a
servo motor for brush actuation, and a custom firmware for
path planning and motor control.

Unlike many existing systems, the proposed machine
supports both raster and vector painting modes, allowing users
to select the most appropriate strategy for a given pattern. A
user-friendly interface enables pattern input via serial
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communication, making the system accessible to users without
specialized programming knowledge.

The research also emphasizes mechanical design
considerations, including frame rigidity, belt tension, and brush
holder compliance, which collectively influence painting
accuracy. By addressing both hardware and software aspects in
an integrated manner, the proposed system demonstrates a
holistic approach to painting automation at the embedded
systems level.

III. RESEARCH METHODOLOGY

The research methodology follows a structured engineering
design process comprising hardware design, software
development, system integration, and experimental evaluation.
Each phase is described in detail below.

A. System Architecture

The proposed automatic painting machine is based on a
Cartesian coordinate system with two translational axes (X and
Y) and one vertical axis (Z) for brush control. The X-axis spans
the width of the painting area and is driven by a belt-and-pulley
mechanism. The Y-axis governs longitudinal movement along
the frame and is driven by a lead screw. The Z-axis employs a
servo motor to raise and lower the brush, controlling paint
application.

The Arduino Uno serves as the central controller, receiving
movement commands and generating step and direction pulses
for the stepper motor drivers. The system supports standard G-
code commands transmitted via USB serial communication
from a host computer.

B. Hardware Components
The hardware configuration of the proposed system
includes the following key components:
e Arduino Uno R3 microcontroller
e NEMA 17 stepper motors (2 units for X and Y axes)
e A4988 stepper motor driver modules
e SGY0 servo motor for brush actuation
e Aluminum extrusion frame (40x40mm T-slot profile)
e GT2 timing belt and pulleys for X-axis drive
e Lead screw and nut assembly for Y-axis drive
e Custom 3D-printed brush holder with spring
compliance
e 12V DC power supply (10A)
e Limit switches for homing and boundary detection
C. Software Design

The firmware is developed in the Arduino IDE using a
modified version of the GRBL motion control library. Key
software modules include:

G-code Parser: Interprets standard G-code commands
(GO, G1, G2, G28) received via serial port

Motion Planner: Calculates step sequences for smooth
acceleration and deceleration using trapezoidal velocity
profiles

Brush Controller: Manages servo motor position for
paint application and lift operations

. Homing Routine: Uses limit switches to establish the
machine coordinate origin
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Serial Interface: Enables real-time communication
with a host computer for command input and status feedback

D. Path Planning Algorithm

e Path planning translates the input digital pattern into a
sequence of motor movements. Two modes are
supported. In Raster Mode, the machine scans the
painting area line by line, applying paint where required
by the pattern. In Vector Mode, the machine follows the
outlines and fills of the pattern, minimizing unnecessary

brush movement.

Bresenham's line algorithm is implemented for drawing
straight-line segments between waypoints. For curved
paths, circular interpolation using the G2/G3 G-code
commands is supported. The path optimizer minimizes
total travel distance by reordering strokes using a
nearest-neighbor heuristic.

E. Algorithm: Arduino Motor Control for Painting

The proposed system uses a step-and-direction signal
protocol to control stepper motors. For each motor
movement command, the firmware calculates the required
number of steps, direction, and pulse frequency based on
the machine's steps-per-millimeter calibration.

Input: G-code command string, machine configuration

parameters

Output: Stepper motor pulse sequences, servo position

signal
1. Initialize Arduino pins for step, direction, and enable

signals

2. Perform homing sequence to establish machine zero

3. Receive G-code command via serial interface

4. Parse command to extract target X, Y coordinates
and feed rate

. Calculate step counts for each axis based on steps-
per-mm calibration

. Apply acceleration ramp using trapezoidal velocity

profile

Generate step pulses simultaneously for X and Y

motors

At target position, evaluate brush command (M3/M5

for servo down/up)

9. Adjust servo angle to lower or raise brush

10. Acknowledge command completion and await next

G-code line

IV. RESULTS AND DISCUSSION

The proposed automatic painting machine was assembled,
programmed, and tested under laboratory conditions. A series
of test patterns were painted on A3-sized paper sheets mounted
on the machine's work surface. The system was evaluated on
position accuracy, stroke quality, pattern fidelity, and
operational speed.

8.

A. System Performance Evaluation

a) Position accuracy was assessed by commanding the
machine to move to known coordinate targets and measuring
the actual brush position using digital calipers. Across 50 test
points distributed over the painting area, the mean position
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error was 0.8mm in the X-axis and 1.lmm in the Y-axis,
yielding an overall average error of approximately 0.95mm.

b) Pattern fidelity was evaluated by comparing printed
reference patterns with the machine-painted output using image
overlay analysis. The system achieved approximately 85%
pattern accuracy for vector-based geometric designs. Raster
mode  patterns  exhibited  slightly lower  accuracy
(approximately 80%) due to accumulated positioning errors
over long scan lines.

c¢) The confusion matrix equivalent for pattern
classification (correct strokes vs. misplaced strokes) indicated
that the system performs best for straight-line segments and
right-angle features, with minor deviations observed at curve
sections due to stepper motor micro stepping resolution.

B. Mathematical Representation

The key performance metrics used in evaluating the system
are defined below:

Position Accuracy (PA):
PA = (1 - (JActual - Target| / Target)) x 100%
Pattern Fidelity (PF):

PF = (Correctly Painted Pixels / Total Pattern Pixels) x
100%

Steps Per Millimeter (SPM):

SPM = (Motor Steps Per Revolution x Micro stepping
Factor) / (Belt Pitch x Pulley Teeth)

For the X-axis: SPM = (200 x 16) / (2 x 20) = 80 steps/mm

C. Analysis

The results confirm that the Arduino-based system achieves
competitive accuracy for a low-cost embedded platform. The
primary sources of error include mechanical backlash in the
Y-axis lead screw, belt stretch in the X-axis drive, and brush
tip compliance under varying paint viscosity. These factors
introduce systematic offsets that can be partially compensated
through calibration.

The servo-controlled brush mechanism proved effective in
controlling paint application, with lift times of approximately
120ms sufficient to prevent smearing between strokes. Spring
compliance in the brush holder successfully accommodated
minor surface irregularities.

Operational speed for a standard Ad4-sized pattern
(approximately 500 stroke segments) was measured at §-12
minutes depending on pattern complexity and selected feed
rate. This compares favorably with manual painting of
equivalent patterns, which typically requires 25-40 minutes.

D. Discussion

The experimental results demonstrate the viability of using a
low-cost Arduino-based system for automatic painting tasks.
The 85% pattern accuracy achieved is sufficient for many

practical applications, including stencil painting, logo
reproduction, educational demonstrations, and prototype
manufacturing.

Limitations include the constraint to flat horizontal surfaces,
sensitivity to paint viscosity variations, and the relatively slow
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operational speed compared to industrial systems. These are
acknowledged areas for future improvement.

E. Summary of Findings
e The system achieved approximately 85% pattern

accuracy in vector mode

Mean position error across the work area was

0.95mm

Operational speed was 3-4x faster than equivalent

manual painting

Total system cost was approximately INR 5,000

(USD 60)

The brush control mechanism effectively managed

paint application with 120ms lift response

Further improvements are achievable through closed-

loop position control

F. Summary of Findings
To evaluate the effectiveness of the proposed system, a

comparative analysis was conducted against other painting and
surface finishing methods. The comparison covers accuracy,

advantages, limitations, and suitability for different
application contexts.
TABLE L COMPARATIVE ANALYSIS
Methodology Accuracy Advantages limii Suitability
Manual Low No cost setup, | Inconsisten Small-
Painting flexible t, labor scale,
intensive, artistic
time-
consuming
CNC  Spray | ~70-75% Consistent Limited to | Industrial
System strokes, high pre-set use
speed patterns,
expensive
Robotic Arm | ~75-80% Precise, multi- Complex Automoti
Painting axis movement | setup, high ve,
cost aerospace
3D  Printer- | ~72-78% Accurate Slow Prototype
Based Plotter positioning, speed, systems
customizable limited
paint types
Proposed ~85% Low cost, Limited to Educatio
Arduino- programmable, 2D nal,
Based compact, real- surfaces, prototypi
System time control depends on | ng, real-
motor world
precision applicatio
ns

The comparative analysis confirms that the proposed Arduino-
based system offers the best balance of accuracy, cost, and
accessibility among low-to-mid range painting automation
options. While industrial robotic systems and CNC machines
offer higher precision, their cost and complexity place them
beyond the reach of most educational and small-scale
industrial applications.

V. CONCLUSION

This research has presented the design, implementation,
and evaluation of an automatic painting machine based on the
Arduino microcontroller platform. The system successfully
integrates stepper motor-driven Cartesian mechanics, servo-
controlled brush actuation, and G-code-based path planning to
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achieve autonomous surface painting with approximately 85%
pattern accuracy.

The proposed system demonstrates that meaningful
painting automation is achievable at low cost using widely
available embedded hardware and open-source software tools.
The integration of raster and vector painting modes, combined
with a modular firmware architecture, provides flexibility for a
wide range of applications from educational demonstrations to
small-scale industrial surface finishing.

Key contributions of this work include the mechanical
design of a compact and rigid painting frame, the adaptation of
GRBL firmware for brush-based painting control, the
implementation of a path optimization algorithm for stroke
efficiency, and a comprehensive experimental evaluation of
system performance.

Limitations of the current system include restriction to flat
horizontal surfaces, sensitivity to environmental factors such as
paint viscosity and humidity, and open-loop position control
without encoder feedback. Future enhancements may address
these limitations through the integration of closed-loop control,
computer vision-based feedback, and support for vertical or
curved surface painting.

Overall, this research contributes to the growing body of
work on accessible robotics and automation and demonstrates
the potential of Arduino-based embedded systems to address
practical engineering challenges in an affordable and adaptable
manner.

The current automatic painting machine provides a solid
foundation for numerous extensions and improvements. Future
research directions are outlined below. Closed-Loop Position
Control: Integrating rotary encoders on the stepper motor shafts
would enable the detection and correction of missed steps,
significantly improving position accuracy and reliability. This
enhancement would allow higher feed rates without sacrificing
precision. Computer Vision Integration: Mounting a camera
above the work surface and implementing image processing
algorithms would enable real-time feedback on painting
progress. The system could detect missed areas, misaligned
strokes, or paint defects and autonomously correct them.
Vertical and Curved Surface Adaptation: Extending the
mechanical design to support wall painting or curved surface
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painting would substantially expand the system's application
range. This may involve rope-suspension mechanisms for large
vertical surfaces or compliant end-effectors for curved
geometries.
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