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Abstract - This paper introduces a computer numerical
control (CNC) drafting system designed to deliver high
precision at significantly reduced cost. Instead of relying
on expensive proprietary components, the system
employs a custom architecture that addresses common
failure modes in low-cost open-loop designs through
redundancy. Each linear axis is powered by four low-
cost, gear-reduced 20BYJ-46 stepper motors operating
in parallel. These motors drive two synchronized timing
belt assemblies, with the moving elements directly
coupled to the belts. The parallel belt configuration
allows the torque from each motor to combine,
producing a strong, balanced propulsive force. This
distributed drive reduces step loss and prevents gantry
deflection, ensuring accuracy and stability.

Motor commands are issued simultaneously to all
shared microcontroller

drivers via control pins,

guaranteeing synchronized actuation. To enhance
reliability, a mechanical fault detection system is
integrated: a roller limit switch is positioned against the
belt surface. As the belt moves, the roller rotates; if the
belt breaks, slips excessively, or a motor stalls, the roller
stops, triggering the switch and signaling a failure.

By combining distributed motor actuation with
mechanical fault detection, the system achieves a robust,
reliable, and highly accurate CNC drafting platform.
Compared to commercial alternatives, this architecture
can be built at a fraction of the cost, while maintaining
superior performance. The synergy of the distributed
drive system and mechanical motion sensor establishes a
CNC plotter design that is both economical and
dependable.

Key Words: Computer Numerical Control (CNC)
plotter, Step loss, ULN2003 driver boards, Geared
stepper motors,

Roller-lever limit switch.

1.INTRODUCTION

distributed  drive  architecture
effectively addresses the precision—cost tradeoff in CNC
plotters. Rather than relying on a single expensive motor
per axis, the design employs multiple low-cost stepper
motors. Specifically, four 20BYJ-46 motors operate in
parallel to drive synchronized timing belt assemblies.

The multi-motor

This configuration allows torque contributions from
each contact point to combine, generating sufficient
force to overcome resistance. The added torque
minimizes step loss and enhances stability.

To further improve reliability, a low-cost mechanical
belt monitoring system is integrated. A lever-actuated
limit switch keeps its roller pressed against the belt
surface during operation. As the belt moves, the roller
rotates; if the belt slips, breaks, or stalls, the roller stops,
triggering the switch to send a fault signal. The
controller then halts the machine, preventing wasted
motion and material.

This integrated approach—combining distributed drive
mechanics with fault detection—delivers both accuracy
and reliability. At the same time, it remains compatible
with open-source components and straightforward
assembly methods, making it a practical and
cost-effective alternative to commercial CNC systems.

2. Reason For Precision Breaks Down in Affordable
CNC Systems

From hands-on experience, the biggest frustration with
low-cost CNC drafting systems is their lack of precision.
The culprit is usually step loss—that moment when a
stepper motor is told to move but simply doesn’t. It’s not
that the command is wrong; it’s that the motor is
fighting against friction, the weight of the moving parts,
or other resistance that’s stronger than its torque at that
instant.

Most budget systems rely on open-loop control. The
processor sends a command and assumes the move
happened. No feedback, no confirmation. So when a step
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is missed, the controller still believes the motor reached
its target. Over time, these tiny errors pile up. The
result? Bent lines, measurements that don’t match the
design, and final drawings that are simply unusable.

3. Limitation in Single-Motor Drives

The traditional fix is to put one motor on each axis. But
here’s the catch: that motor has to be big and powerful
enough to overcome all resistance. High-torque motors
are expensive, and that cost clashes with the goal of
building a low-cost system.

Cheap stepper motors like the 20BYJ-46 are
everywhere, but they don’t have the torque or stability to
handle precision jobs on their own. Even if you wire
several together without coordination, they still can’t
deliver the strength needed. And because these systems
are open-loop, they don’t notice when a timing belt slips
or breaks. The motors keep running, but nothing moves.
Materials get ruined, time is wasted, and frustration
builds.

Closed-loop systems with encoders could solve this, but
they add complexity and cost—sometimes several times
higher than the base system. That defeats the whole
point of DIY-friendly, affordable CNC machines.

4. The Gaps We Need to Close

All of this points to a clear need in the CNC drafting

world: a design that balances affordability with

precision. The solution must:

> Eliminate step loss using low-cost, widely
available components instead of premium motors or
complex electronics.

> Work seamlessly with open-source software, the
backbone of the DIY CNC community.

> Detect mechanical failures reliably, especially
timing belt slips or breaks, without adding significant
cost or complexity.

5. Solution Proposed

Our CNC plotter system was designed to address two
major problems we observed in low-cost plotters:
motors losing steps and the motion assembly falling out
of alignment. To overcome these issues, we combined
two core ideas—distributed motor drive and a belt
monitoring device. Together, these innovations deliver
accuracy while keeping the design affordable and
compatible with open-source components.

We built the machine’s frame using modular aluminum
extrusion profiles. This choice gave us three key
benefits: rigidity to resist bending, light weight for faster
acceleration and deceleration, and modularity for easy
resizing or reassembly. These qualities ensure that the
foundation remains stable and vibration-free during
operation.

For the motion assembly, we designed a horizontal
gantry and pen carriage optimized to reduce mass while
maintaining durability. Lower mass means less load on
the motors, which improves responsiveness, reduces step
loss, and keeps displacement errors under control.
Instead of relying on one large, expensive motor per
axis, we implemented a distributed multi-motor drive.
Our system uses eight low-cost 20BYJ-46 stepper
motors—four for the X-axis and four for the Y-axis—
working in synchronized pairs. Each motor drives a
parallel timing belt, and together they generate enough
torque to overcome friction, inertia, and other
resistances. This shared load prevents step failures and
keeps the gantry aligned. Balanced force distribution
across the gantry stops twisting or skewing, ensuring
straight, accurate motion.

For vertical motion, we used a stepper motor to control
pen elevation. Unlike a servo, the stepper provides
precise positional control, allowing fine adjustments to
pen pressure and height. This keeps line quality
consistent and prevents damage to the pen.

On the electronics side, we chose the Arduino Uno R3
running GRBL firmware as the control core. GRBL
interprets G-code instructions from the computer and
translates them into motor signals. Each motor is
connected through a ULN2003 driver module, which
amplifies the microcontroller’s signals to the current
levels required by the motor coils. To guarantee
synchronization, all drivers for a given axis share
identical control pins, ensuring perfectly timed
execution. The system runs on a 12V, 5A power supply,
providing stable energy for both motors and electronics.
A key innovation we introduced is the mechanical
failure detection system. Open-loop control systems
usually cannot detect when a belt slips, breaks, or stalls.
To solve this, we added a lever-actuated limit switch
with a roller pressed against the belt surface. As long as
the belt moves, the roller turns. If the belt stops, the
roller halts, the lever shifts, and the switch sends a fault
signal to the microcontroller. The controller immediately
stops all motors, preventing wasted material and alerting
the operator.

Finally, we integrated the workflow with open-source
software. Designs are created in CAD tools like
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AutoCAD, converted into G-code using CAM programs SYSTEM LAYOUT DIAGRAM
such as Inkscape, and executed in real time through tools
like Universal G-code Sender. The microcontroller
processes each line of G-code instantly, turning it into
synchronized motor commands that drive the plotter
with precision.

In summary, our solution blends affordable hardware,
distributed drive mechanics, and simple fault detection
into a CNC plotter that is reliable, accurate, and DIY-
friendly. We believe this approach demonstrates that
high performance can be achieved without high cost.

© 2026, IJSREM | https://ijsrem.com DOI: 10.55041/IJSREM63062 | Page 3


https://ijsrem.com/

E:.t’ ‘z_g_‘
¢ IJSREM éé
- Jeurnal

W Volume: 10 Issue: 05 | May - 2026

International Journal of Scientific Research in Engineering and Management (I]SREM)

SJIF Rating: 8.659 ISSN: 2582-3930

Workflow Steps
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6. Advantages
> Accuracy with Affordability: Our design

bridges the gap between costly precision systems and
cheap,
component choices and a novel layout.

low-performance machines by using smart

> No Step Loss: With four synchronized motors
per axis, combined torque eliminates step failures,
ensuring reliable and precise output.

> Reliable Failsafe Protection: A simple belt-
monitoring roller detects rupture or slippage early,
sending fault signals to stop the machine—at far lower
cost than encoder systems.

> Stable Operation:
multiple motors and belts reduces vibration, minimizes

Distributed load across
wear, and keeps motion smooth and consistent.
7. Research Findings

> Dimension Accuracy: X-axis line measured
+0.4 mm, Y-axis line measured —0.4 mm, circle radius
was exact.

> Repeatability: Across 5 plots, there was almost
zero shift—showing perfect consistency.

8. Industrial Aspects

> Cost Efficiency: Total build cost was about
%3,000 cheaper than commercial plotters priced above
%50,000.

> Sustainability: The design supports local repair
and reuse, aligning with circular economy principles.

8.1 Hardware Cost Breakdown

8 Stepper Motors: | Timing Belts: 3192
%708

Drivers &  Optos: | Misc & Wood: 31465
%193

Total Cost: Almost

%3,000

Arduino Uno: 2219

9. Future Scope

> Wireless Integration: Adding ESP32 modules
for smartphone/cloud connectivity.

> Auto-Pen Changer: Rack-and-pinion system to
switch pen colors and line weights.

> Scaling Up: Upgrading rails to steel box
sections for full Al-size plotting, ideal for architectural
work.

10. Conclusion

Our CNC plotter design proves that precision and
affordability can coexist. By using a distributed multi-
motor drive with synchronized 20BYJ-46 stepper motors
and parallel timing belts, we eliminated step loss and
gantry racking. A simple belt slip sensor based on a
roller lever switch provides failsafe protection without
costly encoders.

Built with Arduino, GRBL firmware, and modular
aluminum framing, the system is DIY-friendly, reliable,
and scalable. It empowers educators, hobbyists, and
small enterprises to achieve professional-quality plotting
at a fraction of the cost, bridging the gap between low-
cost kits and high-end equipment.
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