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Abstract

Due to their simple kinematics, accessible components, and low operating costs, CNC
plotters are among the most affordable and easy-to-use CNC devices. This makes them
practically indispensable in universities and laboratories, where they are primarily
used for educational purposes, such as learning the basics of CAD/CAM, interpreting
control programs, and understanding the fundamental principles of servo drives and
feedback systems. This article discusses both the advantages and the limitations of
CNC plotters and laser systems. A method for improving pen control throughout the
entire operation process is proposed, addressing a limitation commonly observed in
CNC machines and 3D printers. Typically, control is performed using end sensors only
at the initial stage of processing and calibration. During subsequent operation, such
systems function in an open-loop or weakly monitored mode.

Introduction

Numerical control (NC) systems are microprocessor-based controllers
that process logical instructions and interface with a computer. In-
put data may be provided in the form of program code, textual tasks,
or graphical descriptions [1]; the controller then converts them into
machine commands understandable to actuators. At this stage, inter-
pretation, trajectory planning, and signal generation for the drives
are performed. A plotter [2] is a device used for outputting graphical
information, in which lines are drawn using a writing instrument (e.g.,
a pen or marker) on flat, solid materials. Unlike traditional inkjet or la-
ser printers, a plotter creates images using a trajectory-based method:
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tthe tool moves along specified coordinates to re-
produce vector contours. A CNC plotter is typically
a two-axis (2D) device with X-Y motion, designed for
the vector output of text and images using a pen on
various flat surfaces. A typical technological cycle in-
cludes preparing a layout in a CAD system, generating
control commands (e.g., in G-code format), interpret-
ing them within the controller firmware, and execut-
ing the trajectory via stepper or servo drives. Applica-
tion areas include rapid prototyping of printed circuit
board (PCB) layouts (e.g., preliminary routing and tem-
plate generation), development of graphical symbols
and logos, production of templates, and educational
demonstrations of automated positioning principles.

The aim of this study is to design and analyze a low-
cost CNC plotter based on the Arduino Uno platform,
with a focus on motion control optimization and
pen-position accuracy. The initial stage of the design
process involves determining the key parameters of
the future system, assuming a novel configuration and
control approach. These parameters form the basis for
further engineering analysis and system development.

In the field of motion control systems, there is
significant competition between various approach-
es [3, 4]—ranging from lead screw mechanisms and
rack-and-pinion systems to belt drives and crank-slid-
er mechanisms—each optimized for specific ranges
of load, speed, and accuracy. The conversion of ro-
tary motion from a drive motor into linear motion
can be achieved using different kinematic schemes.
There is no universal solution; the selection depends
on application requirements and performance crite-
ria. Economic factors are equally important, includ-
ing not only the initial cost of components but also
service life, reliability, maintenance frequency, and
the total cost of ownership over the project lifecycle.
Consequently, high-precision and durable solutions
are appropriate for some applications, while simpler
and more cost-effective solutions may be sufficient
for others. In practice, factors such as load profile
and dynamics (acceleration and speed), permissible
backlash, repeatability, stiffness, efficiency, operat-
ing conditions (e.g., dust, temperature, vibration), as
well as maintenance and integration requirements,
must all be considered.

Materials and methods

The design and selection of system components re-
quire appropriate guidelines and characteristic fea-
tures. These are based on the planned performance pa-
rameters of the device upon completion. The specific
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assumptions and requirements used for the present
design are listed below:

+ Moving table mass: 0.5 kg.

« Stroke (travel): 420 to 500 mm.

+  Maximum linear speed: 0.018 m/s (~ 18 mm/s).

+ Positioning accuracy: <0.20 mm per 1000 mm

of travel.
« Positioning repeatability: 20 um (as specified).
+ Drive type: stepper motor.
To meet the required positioning accuracy of +0.20
mm per 1000 mm of travel, a screw should be selected
such that its cumulative lead error over 1 m does not
exceed +0.40 mm. For the actual stroke of 420 mm, this
corresponds to an allowable linear error of approxi-
mately £0.11 mm, assuming proportional scaling. To
minimize systematic error in practice, the following
should be specified:
+ Lead accuracy: cumulative lead error < +0.20
mm/m (or better).

+ Backlash control: use a preloaded (anti-backlash)
nut so that lost motion remains below the repeat-
ability target.

Fundamentals

During the design process, particular attention should
be paid to ensuring that the mechanical system does
not exhibit excessive vibration. Therefore, kinematic
sizing (speed vs. lead) is required. Let p be the screw
lead (mm/rev) and v,, the required linear speed, thus
n,= (v,./p) X 60. Choose p such that the required motor
speed n, lies well within the stepper motor’s torque-
speed envelope and below the screw’s critical speed for
the selected length and end supports.

Resolution (also known as step size) is the smallest
possible distance the system can theoretically move.
For a 200-step/rev motor, the linear increment i per full
step is: Aiy, = s / 200 with a microstepping factor m:
Aiyg,, = 5/ (200 x m). Select s and m such that the com-
manded increment and the mechanical backlash are
comfortably smaller than the 10 um repeatability re-
quirement, taking into account compliance and friction.

Load and durability considerations must also be ad-
dressed. For a moving mass of 0.5 kg, it should be veri-
fied that the selected screw/nut pair provides:

+ adequate static and dynamic load capacity;

+ acceptable efficiency (and thus sufficient motor

torque margin);

- suitable materials and lubrication for the operat-

ing environment.

For low speeds (18 mm/s) and moderate loads, pol-
ymer-nut trapezoidal screws can be an economical
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solution. Where higher accuracy, stiffness, and longev-
ity are required, a preloaded ball-nut assembly is typi-
cally preferred.

In general, the formulas are derived from classical
theoretical mechanics and remain standard. Present-
ing the full set of calculations is unnecessary, as the
primary objective is to automate control across all op-
erating modes of the device.

Control circuit,
motion-control workflow,
and hardware architecture

The block diagram of the plotter is presented in Figure
1. The control circuit defines all interconnections and
components required to operate the plotting machine.
An Arduino serves as the central controller, coordinat-
ing motion and peripheral functions. Actuation is pro-
vided by stepper motors (for X-Y motion) and a servo
motor (for pen up/down).

PowTr Arduino UNO | Pen

SURRY microcontroller ' module
No 1 : .
Power
Endstops :
- CNC Shield

/Sensors ( supply

No 2
y Stepper

Drivers

motors

Figure 1. Schematic diagram of the module connection
(based on [12])

An example of this approach includes the validation
of a control algorithm for an EDS electric vehicle [5] or
research into gesture-based (including voice-controlled
[6]) systems based on the Arduino platform. The main
objective of such systems is to improve speed and torque
distribution between the wheels during manoeuvring, as
well as to enable smartphone-controlled robotic systems.

The Arduino controller executes the motion firm-
ware and generates command signals [7]. The CNC
Shield breaks out the Arduino I/O into standardized
headers and buses for motion systems. It routes STEP/
DIR/EN signals to the stepper drivers, provides termi-
nals for limit/home switches, and exposes control pins
for spindle/coolant triggers (ON/OFF). The shield also
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distributes the external motor supply voltage to the
stepper drivers.

With regard to the stepper drivers (A4988), one driv-
er per axis converts STEP/DIR inputs from the Arduino
into phase currents for the stepper motors. Microstep-
ping is configured via jumpers on the shield, and driv-
er current is set with the onboard potentiometer. For
servo control, a PWM signal from the Arduino drives
the pen-lift servo, enabling rapid and repeatable tran-
sitions between drawing and travel moves.

Signal interfacing, power
distribution, actuation and
operating principle

The STEP/DIR/EN lines operate according to the fol-
lowing principle: signals are transmitted from the Ar-
duino > CNC Shield > A4988 inputs for each stepper
axis. Endstops/sensors are connected to the shield for
homing and travel protection, while auxiliary outputs
include shield pins for spindle and coolant control
(which may be repurposed as general-purpose triggers,
e.g., pen-lift interlocks).

With regard to power distribution, an external DC
supply feeds the CNC Shield, which in turn powers
the A4988 modules and stepper motors. The Arduino
is powered via USB or a regulated input. The software
toolchain and data flow can be presented as follows:

Arduino Uno - CNC Shield / stepper driver -
motors (X/Y/Z)

N2

Sensors: HC-SR04 (distance) + pen status sensor - feed-
back (optional)

N

Subsystem MD (pen effector) > second-order model >
position y(t)

The following steps apply:

1. Design authoring: The drawing or part model is
created in Inkscape (or similar CAD software).

2. CAM/Post-processing: The graphic is converted
to G-code (and, where applicable, complementa-
ry M-codes for auxiliary functions).

3. Transmission: The G-code file is streamed to the
Arduino using Universal G-code Sender (UGS).

4. Interpretation: The Arduino firmware (e.g., a GR-
BL-class interpreter) parses the incoming G/M-
codes, plans motion, and schedules step pulse.

Regarding actuation:

1. For each linear move, the Arduino emits appro-
priate STEP/DIR pulse trains to the A4988 drivers,
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which advance the stepper motors along their re-
spective axes.

2. For pen operations, the controller outputs a PWM
command to the servo, lifting or lowering the
pen at designated points.

As G-code blocks are executed, the corresponding
axis motors are driven to trace the commanded tool-
path on the work surface. The servo establishes contact
(pen down) during drawing segments and retracts (pen
up) during rapid traverses. Limit switches and enable
signals safeguard motion, while optional spindle/cool-
ant outputs provide standardized triggers if additional
peripherals are integrated.

This architecture yields a modular, low-cost motion
platform in which the Arduino/CNC Shield manages
I/0 and timing, the A4988 drivers handle motor pow-
er electronics, and the Inkscape - G-code - UGS tool-
chain provides a straightforward path from design to
plotted output.

Results and discussion

This work utilizes an open-loop control system mod-
eled as a second-order system, employing small-signal
linearization of nonlinear dynamics and step-response
simulation. The model is inspired by standard control
engineering techniques. Modeling, simulation, and
control strategies are generally based on the guidelines
presented in [8].

Control loop design considerations have been adopt-
ed according to Barton [9]. The subsystem responsible
for pen positioning receives signals from the following
sensors and devices:

« sensor A: HC-SR04 ultrasonic distance sensor;
- sensor B: pen effector status (in use / not in use);
- control panel signals: user-defined input map.

The stored data include pressure, pressing time, and
the effector operating condition. Considering a stand-
ard second-order system [10], the graphs presented in
Figures 2 and 3 are obtained.

Input A Output
—_—> >
£+tB+C

Figure 2. Standard second-order system
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Figure 3. Schematic of the standard second-order system

The dynamic equation of the pen effector (MD), giv-
en in (1), can be expressed as a nonlinear function of
four variables f(y, ¥/, ", n), where y denotes the pen tilt/
position (mm) y' and y” represent its first and second
derivatives with respect to time (velocity and acceler-
ation), and n is the control signal (e.g., PWM from the
Arduino or motor input signal). Due to the nonlinear
nature of this relationship, direct analysis and control
design are not straightforward. Therefore, the equa-
tion is linearized around a selected operating point
using the small-deviation (small-signal) method. This
approach assumes that system variables vary only
slightly around their nominal values. The linearization
is performed by expanding the nonlinear function into
a Taylor series and retaining only the first-order terms,
which yields an approximate linear model suitable for
further analysis [11]:

D of
E A > = yr’O’O’ st i e +
J.y.y.m=f( () (a);j“ O

BRCREE
oy y oy y on y

Here, n, sshould be considered as a control signal
(e.g. PWM from Arduino or engine RPM). In this case
f,0,0, ny,) = 0 (static equilibrium equation). After cal-
culating the partial derivatives, the linearized equation
takes the form (2):

T,>Ay"(1) + ThAY' (t) + Ay(t) = kAn (1) 2)
or, equivalently, in operator form (3):

T,°p* + Tip + D)Ay(p) = kAn(p) (3)

where:
T—the time constant;

k—the gain (coefficient) of the MD;
A—denotes the deviation from the equilibrium point.

Science, Technology and Innovation, 2025, 23 (4), 20-26



24 Oryginal article

K. Nechval, V. Reiskarts, R. Chatys

The square of the time constant (having considered
the inertia of the moving elements of the pen effector),
takes the following form (4):

2 _\W ),
;= [QJ (4)
a’)} st

While the gain of the MD (5) can be expressed as:

A
on, ),

oW
),

When damping is taken into account, the effective
time constant is given by (6):

o
v ),

1= [@J (6)
(9)/ st

The differential operator is defined as (7):

d"Ay
Ay, =
pay "

@)

The reference model is defined using the following
second-order differential equation (8), which is the
linearized differential equation of the oscillatory link
with a single step input action:

T2h () +Th()+h(t)=k ®)

where:
p— 2 [—
h()=> Ce" ©)
i=1

The above mentioned formula is a general solution of
the homogeneous differential equation (pi are the roots of
the characteristic equation). Thus, the general solution of
the homogeneous differential equation is as follows (10):

B =TtV 1 T G 1 T |-

:e’A’[C_fl(cosvt+isinvt)+ 5Z(cosvt—isinvt)]=
e T (10)

= e‘”‘[(C1 +C2)cosvt+i(Cl 7C2)sinvt]=

=e[C cosvi+C,sinvi]

where the individual quantities denote:

t—time [s];

h(t)—displacement (deflection) of the system as a function of
time;

A—damping coefficient [1/s], determining the rate of decay of
vibration amplitude;

v\nuv—damped natural frequency [rad/s];

C,, C,—integration constants determined from the initial con-
ditions of the system (initial displacement and velocity).
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The variables are linked with the mechanical pa-
rameters. The exponential term et represents damp-
ing, causing a gradual decay of the vibration amplitude
over time. The harmonic components sin(vt) and
cos(vt) describe the oscillatory nature of the motion.
Altogether, the equation represents damped vibrations
whose amplitude decreases exponentially with time

A particular solution of a non-homogeneous differ-
ential equation is sought as follows. The characteristic
polynomial takes the following form (11):

h'(t)=At*+Bt+C (11)
respectively (12)

W (t)=24t+B; h =24 12)
The equation is reduced to the following form (13):

2T,*A + Ty(2At + B) + AP + Bt + C=k,,=>
= AP + (2At + B)t + 2T, A+ Ti\B+ C=k,, (13)

It follows that

A=0;2AT, +B=0=>B=0;2T,’A+ T:B+C=k,, =
=C=k, (14)

The equation then takes the form (15):
R (1) = k,y (15)

The general solution of a non-homogeneous differ-
ential equation equalls (16):

h(t) = e4[C,cosvt + C,sinvit] + k (16)

The integration constants C; and C, are determined
by equation (17) on the basis of the initial conditions:
when t=0, h(t) =0

0=C1+k=>C1:—k

h(t)=—a e[ cosv 1 +C,sinv i]+e™ [~ Cvsinv 1+ Cyvcosv 1] =
—-Ak

14

17)

=0=-AC,+v(,=C, =

Finally, the time response of the MD (control ele-
ment) to a step input is given by (18):

ht)=k |:1—e""(%sinw+cos vrﬂ (18)

The response shown in Figure 4 exhibits overshoot
and damped oscillations, indicating that the system
is stable but underdamped. In practice, this means
that when a target position is specified (e.g., axis or
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pen position), the system initially overshoots and
then undergoes decaying oscillations before reaching
equilibrium.

U,35
0,3 4
0,25 4

0,2 -

Ah*

0,15

0.1 1 Signal processing
0,05 -

0 f f f i
0 0,02 0,04 0,06 0,0¢

Figure 4. Approximate diagram of the control system in
oscillatory process

The desired system response can be achieved using
various control synthesis techniques, such as root lo-
cus or frequency-domain compensator design. How-
ever, these methods are often abstract and may not
directly reflect the physical nature of the system.

In this work, the method of inverse dynamics is
employed. Its practical significance lies in predicting
system behavior over time, particularly the rate of
vibration decay and oscillation frequency. This mod-
el enables assessment of the impact of vibrations on
positioning accuracy and supports the selection of
system parameters (e.g., mass, stiffness, damping) to
minimize undesired oscillations.

The synthesized control algorithm allows direct
incorporation of desired motion parameters into
the control law. Simulation results indicate that, for
the considered masses and damping values, the sys-
tem exhibits a slightly underdamped response with
small overshoot, which is typical for lightweight plot-
ter mechanisms.

Although the Arduino-based stepper system oper-
ates in an open-loop manner and does not explicitly
account for these dynamics, the proposed model pro-
vides valuable insight into potential vibration effects,
especially at higher operating speeds.

Conclusions

Based on the simulation results obtained in Excel, an
approximate response of the control system was gen-
erated. However, it should be noted that the actual sys-
tem response may differ from the simulated curve due
to model simplifications and assumptions.
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The results presented in this work are primarily
theoretical and generalized. Their practical implemen-
tation requires further development, including experi-
mental validation and system testing.

This study is intended to provide a conceptual and
analytical foundation rather than a complete imple-
mentation guide. Numerous control strategies, includ-
ing PID controllers and closed-loop feedback systems,
are widely used in practice and are well documented
in the literature. The approach presented here is ori-
ented toward low-cost and accessible solutions, offer-
ing a starting point for further development of DIY and
research-oriented projects.

Detailed electronic schematics of the microcontrol-
ler system are not included, as the focus of this work is
on system modeling and control analysis rather than
hardware design. Readers interested in implementa-
tion details are encouraged to consult relevant data-
sheets and technical documentation.

Due to the scope of this paper, not all aspects of the
automated system can be discussed in detail. Com-
prehensive treatments of control algorithms, system
architectures, and implementation techniques can be
found in specialized literature. Nevertheless, the pre-
sented model provides useful insight into system dy-
namics and may support the design and optimization
of similar motion-control systems.
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