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The object of this study is a large-scale Cartesian 3D
printer with a build volume of 2 X 2 X 2 meters, equipped
with BLDC servo motors on the X and Y axes, a NEMA 34
stepper motor on the Z axis, and a NEMA 17 stepper motor
for filament extrusion. The main problem addressed is the
limitation of existing firmware, which only supports bipolar
stepper motors (NEMA standard), making it unsuitable for
achieving the higher extruder speeds required in large-for-
mat printing. To overcome this issue, a new firmware
was designed to support brushless direct current (BLDC)
servo motors, enabling faster, more stable, and more precise
motion control.

The developed firmware, based on the ESP32 microcon-
troller, processes G-code instructions step by step, calculates
motor commands, and communicates them to BLDC motor
drivers (FSESC 4.12 on the VESC platform) with encoder
feedback for accurate positioning. Experimental results
demonstrated reliable synchronization of the X and Y axes
across different speeds and distances, with average posi-
tioning errors of 0.9% on the X-axis and 1.03% on the Y-axis.
The system operated stably within a rotational speed range
of F8000-F54000 (1000-7000 RPM) and a printing speed
range of 92-800 mm/s, confirming the firmware’s capabili-
ty to handle both low- and high-speed operations.

The interpretation of the results provides superior accel-
eration, precision, and stability compared to stepper-mo-
tor-based systems. A distinctive feature of this work lies in
adapting G-Code step execution for BLDC motors, which
has not been widely implemented in existing 3D printing
firmware. The practical significance of the results is the
potential application of this firmware in large-scale and
high-speed 3D printers. This makes the approach highly rel-
evant for advanced manufacturing industries where preci-
sion, scalability, and efficiency are critical

Keywords: large-scale 3D printing, step-by-step G-code
execution, brushless direct current servo firmware, ESP32
motion control, high-speed additive manufacturing
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1. Introduction

Most contemporary 3D printers utilize standard NEMA
bipolar stepper motors to drive the X, Y, and Z axes within
a Cartesian mechanical system, enabling precise object fab-
rication based on digital models [1]. This technology is an
evolution of CNC systems and plays a vital role in modern
manufacturing automation, particularly within the frame-
work of Industry 4.0 [2, 3].

3D printing operates by converting CAD models into
G-code, a set of machine instructions that control motor
movements layer by layer [4]. Nevertheless, stepper motors
present inherent drawbacks, particularly step loss at higher
operating speeds, which compromises accuracy and stabil-
ity [5]. In addition, limitations in factory-installed motor dri-
vers have been shown to negatively affect print quality, further
reducing efficiency [6]. To address these challenges, alterna-
tive approaches such as brushless direct current (BLDC) servo
systems and advanced control algorithms have been investi-
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gated, offering improved speed, precision, and reliability in
extruder and motion control [7, 8]. In contrast, BLDC servo
motors provide faster response, stable torque, and higher
efficiency, and are widely adopted in robotic applications [9],
their application in large-scale 3D printers remains limited,
primarily due to the lack of compatible firmware [7]. Existing
firmware is mostly proprietary and hardware-dependent,
which restricts adaptability to servo-based systems [10]. In
this context, several issues have been identified, such as the
need for G-code recompilation and optimization for higher
printing speed [11], firmware vulnerabilities that compromise
system security [12], and design constraints in adapting firm-
ware for non-standard 3D printer architectures [13]. Further
challenges include secure firmware updating for embedded
systems [14] and limitations that affect object authentication
and overall print reliability [15].

Furthermore, conventional BLDC systems rely on Hall
effect sensors, which increase cost, physical size, and the risk
of sensor failure [7]. Firmware development for BLDC motors




has also lagged behind, showing slower progress and lower
modernization compared to other software domains [16].

Therefore, research on firmware development for BLDC-
based motion control in large-format 3D printers is relevant
and essential to advance high-speed and precision additive
manufacturing technologies.

2. Literature review and problem statement

3D printing operates by converting CAD models into
G-code, a set of instructions that control motor movements
layer by layer [4]. However, stepper motors present inherent
drawbacks, particularly step loss at higher operating speeds,
which compromises accuracy and stability [5]. Improvements
to address these limitations have been explored, such as
replacing factory-installed stepper motor drivers to improve
print quality [6] and introducing advanced motion algorithms
like the S-trapezoid method. Despite these efforts, step-
per-based systems remain constrained by open-loop instabil-
ity and limited scalability.

Alternative approaches have investigated BLDC servo mo-
tors, which provide faster response, stable torque, and higher
efficiency [7]. Their potential has also been expanded through
sensorless methods to reduce hardware complexity [8]. In ad-
dition, earlier works demonstrated improvements in firmware
programming for BLDC and stepping motors [9]. While these
systems have been widely adopted in robotics, their applica-
tion in large-format 3D printing remains limited due to the
lack of compatible firmware [10].

Additional challenges have been identified in firmware
optimization and security. G-code recompilation for higher
speed was addressed in [11]. The security vulnerabilities of
printer firmware were highlighted in [12]. Adaptation to
non-standard architectures was discussed in [13]. Secure
updating for embedded systems was presented in [14]. The
importance of authentication for object reliability was shown
in [15]. Modernization of firmware technologies for IoT ter-
minals was explored in [16].

Low-cost CNC and 3D printing platforms continue to
rely on microcontroller-based stepper control with simplified
firmware [17]. Similar approaches were also described in [18].
These systems, while affordable, are hindered by reduced
accuracy at higher speeds, poor scalability, and low efficiency.
Expanding the scope of additive manufacturing, [19] demon-
strated synchronous five-axis 3D printing to strengthen part
structures. In a similar direction, [20] presented the design and
implementation of an FDM-based 3D printer for cost-effective
production. However, these works still relied on conventional
stepper-driven motion and did not integrate BLDC servo firm-
ware, thus limiting performance for high-speed, large-scale
applications.

Another gap exists in G-code execution and motion
synchronization. Conventional firmware typically processes
G-code in bulk or relies on predefined motion planning. The
inefficiency of this approach in high-speed printing was also
confirmed in. While optimization at the slicing stage has
been studied in [21], and further analysis of CAD-to-G-code
transfer was discussed in [22], such approaches do not extend
to firmware-level synchronization of multi-axis motion using
BLDC actuators. Open-loop implementations have shown
positional drift and synchronization errors [23]. However, em-
bedded closed-loop solutions with encoder feedback remain
underexplored.

3. The aim and objectives of the study

The aim of this study is to develop firmware for a large-
scale 3D printer that employs BLDC servo motor actuators
for the X and Y axes, as an alternative to conventional NEMA
stepper motor systems. This will allow faster and more precise
extruder movement, thereby improving the performance and
applicability of large-format additive manufacturing.

To achieve this aim, the following objectives were accom-
plished:

- to design and implement firmware that supports BLDC
servo motors, focusing on positioning accuracy, speed range,
and movement stability in large-scale printing operations;

- to develop a mathematical model that links G-code feed
rate, motor RPM, and displacement, and to validate its consis-
tency with experimental results as a theoretical foundation for
firmware motion control;

-to evaluate and validate axis synchronization under
step-by-step G-code execution using encoder-based feedback;

- to conduct accuracy analysis by comparing commanded
trajectories with measured trajectories at different speeds and
distances;

-to analyze performance stability printing conditions,
identifying potential limitations and improvement strategies
for future work.

4. Materials and methods

4.1. The object and hypothesis of the study

The object of this study is a large-scale Cartesian 3D
printer with a build volume of 2 X 2 X 2 meters, equipped
with BLDC servo motors on the X and Y axes, a NEMA 34
stepper motor on the Z axis, and a NEMA 17 stepper motor for
filament extrusion. This machine serves as the experimental
platform on which the proposed firmware is implemented
and tested.

The central hypothesis asserts that a control architecture
explicitly optimized for BLDC servo motor integration can
achieve significant enhancements in velocity, positional accu-
racy, and dynamic stability (particularly in large-format addi-
tive manufacturing) relative to conventional bipolar stepper
motor-based systems.

This study is conducted under several assumptions. First, the
G-code files generated by slicing software such as Simplify3D
are assumed to be valid and accurate representations of the
3D models. Second, the mechanical system is assumed to be
free from major structural issues, such as excessive backlash
or mechanical vibration. The scope of the study is simplified
by focusing exclusively on controlling the X and Y axes using
BLDC motors, while the Z axis and extruder remain operated
by stepper motors. This simplification is considered sufficient
for evaluating the effectiveness of BLDC-based horizontal
motion control.

4. 2. Firmware design

Motion on the X and Y axes uses Flipsky 6374 BLDC
motors, the Z axis employs a NEMA 34 stepper motor, while
filament extrusion is driven by a NEMA 17. The BLDC motors
are interfaced through VESC FSESC 4.12 controllers, en-
abling UART protocol communication and employing Field-
Oriented Control (FOC) to ensure high-precision regulation.
Centralized coordination is provided by an ESP32 microcon-
troller, which interprets G-code commands and maps them



into motor rotational speeds and directional control signals
for the respective drivers.

The system block diagram is illustrated in Fig. 1 the data
flow from CAD design and slicing processes to actuator ex-
ecution via firmware commands. The G-code created using
Simplify3D is saved to an SD card, from which the ESP32 re-
trieves it and sends the commands in sequence to each motor
driver for execution.

The internal operational flow of the firmware is shown
in Fig. 2.

The firmware reads sequential G-code lines, parses mo-
tion commands, converts feed rate into RPM based on screw
diameter and steps per revolution, and applies PID control
with encoder feedback.

By employing a command queue and synchronization
mechanism, the firmware guarantees accurate execution of each

movement on the X and Y axes, preventing any overlap or con-
flict between their motions.

In this system, G-code reading and execution are per-
formed sequentially, processing one line at a time according
to the order of instructions in the file. Each line is read by
the microcontroller (MCU) from the SD card and executed
completely before proceeding to the next instruction. Once
received, the G-code data is processed by the selector unit to
extract the position parameters for the X and Y axes, extrusion
length (E), and feed rate (F). The data contained in the G-code
to be executed consists of several parts in Fig. 3.

The MCU computes the motion duration based on the
feed rate (F) and the distance between coordinates, which
serves as a reference for scheduling execution and setting the
delay between successive G-code lines. This procedure is illus-
trated in the following G-code example in Fig. 4.

INPUT PROCESS OUTPUT
Desain 3D 7 High ZZ ym
(SketchUp) (NEMA Speed
Stepper Motor) Done
STL X > Long XX um
> (BLDC < Speed
v Servo Motor) | Done
MCU
Slicing Object | .G Code | SD Card (Firmware) >
(Simplify 3D) > Y > ___Long YVum
> (BLDC € Speed
Servo Motor) | Done
E
(NEMA Long EE um
Stepper Moton)
Fig. 1. System block diagram of the 3D printer firmware architecture
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> Y+
SD Card > L Y Y- >
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Fig. 2. Control workflow of the developed firmware for brushless direct current servo motors



G-Code:
G1 X747.676 Y18.090 E0.0862 F24000

/

Linear Motion l
X-Coordinate

Feedrate

|

Y-Coordinate Filament Extrution Length

Fig. 3. Structure of G-code command components

G1 X727.515Y11.711 E0.3389 F38400
G1X737.515Y11.711 E0.8418
G1 X739.515Y9.711 E0.9840

Fig. 4. Example of G-code commands for firmware execution

The first line commands a linear movement to position
X =727.515 and Y=11.711 with an extrusion of 0.3389 mm
at a feed rate of 38400 mm/min. The second line performs
a similar operation, with the time duration calculated using
the formula provided below.

The second line performs a similar operation with the
displacement along the X and Y axes is calculated as follows:

AX = EndCoordinate X — Start Coordinate X, 1)

AY = EndCoordinateY — Start CoordinateY . 2)

After parsing, the MCU determines the movement direc-
tion based on the change in position values. In this system,
correspond to movements along the X+ and Y+ axes. The
feed rate is converted into motor speed (Vx and Vy), which
are then transmitted along with the direction commands to
the BLDC servo driver via UART communication. The servo
driver executes the motion accordingly, while the actual po-
sition is continuously monitored through encoder feedback
to ensure accuracy. Once the motion duration is completed
and the target position is confirmed, the MCU proceeds to
the next G-Code line until all instructions are executed. Each
line undergoes the same sequence of operations, including
parsing parameters, motor control, extrusion, and delay
handling. This step-by-step approach ensures that motion
and material flow are precisely coordinated and follow the
predefined print path.

4. 3. Electrical circuit and interface design

The connection scheme between system components is
illustrated in Fig. 5.

The ESP32 microcontroller communicates with an SD
card module as the source of G-code commands, an 12C-based
LCD module for displaying system status, and two FSESC
motor drivers via UART communication. The system is pow-
ered by a 24 V DC supply, which is regulated and distributed
to meet the voltage requirements of each component. Each
BLDC motor is equipped with an AMT102 encoder, providing
real-time feedback on position and speed for implementation
in a closed-loop control system.

4. 4. Mechanical structure

The machine operates on a Cartesian coordinate system,
employing leadscrews for all axes, with a 4 mm lead and 1 mm
pitch. The X-axis uses a 16 mm diameter leadscrew, while
the Y-axis is equipped with a 20 mm diameter leadscrew.
The achievable print volume is 2 X 2 X 2 meters. The main
frame is constructed from steel to ensure structural rigidity
and to minimize vibrations during the printing process.
Fig. 6, a, b illustrate the mechanical design and actual con-
struction of the 3D printer, including the layout of actuators,
components, and the positioning of the motors and motion
system within the overall printer framework.

As shown in Fig. 6, a, the schematic design clearly iden-
tifies each axis, motor location, and frame structure. Mean-
while, Fig. 6, b presents the actual fabricated machine, which
matches the design specifications and demonstrates the large-
scale build volume and robust frame intended for high-preci-
sion printing.

4. 5. Experimental conditions

The experimental component of this research was con-
ducted to evaluate the performance of the developed firmware
in controlling BLDC servo motors on the X and Y axes. The
setup consisted of an ESP32 microcontroller as the main
controller, Flipsky 6374 BLDC motors for the X and Y axes,
VESC FSESC 4.12 motor drivers, and AMT102 encoders with
a resolution of 512 counts per cycle.

POWER

SUPPLY

X
24V
MCU
LCD TX/RX (ESP32) > PID ENCODER |—>| GEAR |—>| EXTRUDER |
. . BOX
BLDC MOTOR
- DRIVER FSESC X
KEYPAD |——»|
MAIN BOARD POWER
ESP 32 SUPPLY
(FIRMWARE) %
24V
SD CARD >
MY GEAR
(ESP32) > PID |_,| |_.| |
TORX g ENCODER BOX BEDPLATE
BLDC MOTOR
- DRIVER FSESC v

Fig. 5. Communication scheme of control system data execution for X-¥ motion
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MOTOR X

1520.7 mm

EXTRUDER

Fig. 6. Large-scale 3D printer: @ — mechanical design; b — fabricated machine

During testing, G-code commands were executed
to move the print head along the X and Y axes without
material extrusion, thereby isolating the assessment to
motion performance only. Encoder feedback was con-
tinuously recorded to compare the actual displacement
against the commanded positions from the G-code.

The tests were performed at printing speeds ranging
from 92 mm/s up to 800 mm/s, corresponding to motor
speeds between F8000 and F54000 (1000-7000 RPM),
covering both linear displacements and diagonal trajec-
tories. Positional deviation and synchronization stability
were determined for each test condition, with all exper-
iments focused exclusively on the X and Y axes. This
ensured that the evaluation specifically reflected the
capability of the firmware in closed-loop motion control,
independent of extrusion dynamics or Z-axis operation.

To clearly present the experimental procedure as
a systematized plan, the workflow of command execu-
tion, motor control, and feedback processing is summa-
rized in Fig. 7. The flowchart illustrates the sequence of
initialization, mode selection (manual or G-code), com-
mand transmission, ESP32 processing, motor actuation,
homing, and encoder feedback update. By explicitly
outlining these steps in Fig. 7, the experimental proce-
dure is distinguished as a methodological framework
rather than as part of the results, thereby fulfilling its
role within the research methods.

4. 6. Data processing and statistical analysis

To ensure methodological rigor and reproducibility,
the experimental data processing was conducted as an
independent, systematized stage distinct from result
interpretation. The procedure follows a structured pipe-
line comprising acquisition, preprocessing, computa-
tion, and statistical validation, as illustrated in Fig. 8.

Manual

v

Input
Speed & Time

Initialize Input
(SD Card, Keypad)

Display Main Menu

(LCD)
G-Code
Select Mode?
Select G-Code File
from SD Card
Send Command  |[¢—

Open
Selected File

ESP32 Receiver
Wait Command

Execute Data/
Command
Execute Motor
Movement

Process Motor

Movement (X,Y)
Update Encoder
Send Feedback G-Code Completed

Status to LCD
(RPM, Position,
Encoder)

Fig. 7. Experimental procedure flowchart for firmware

implementation and motion control



Start: Experimental
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Encoder readings
G-Code target positions

v

Data Cleaning & Preprocessing:
Outlier removal (£30)
Sync correction (X-Y)

v

Computation of Metrics:
Positional error (%)
Averrage, max error

AR trajectory deviation

v

Statistical Analysis:
Repetation n=5
Mean, standart deviation
Comparative analysis (X vs Y)
Regression (F, RPM)

Output:
Processed data for
result

Fig. 8. Data processing algorithm for positional
error analysis

4. 6. 1. Data acquisition

Raw positional data were collected from AMT102 en-
coders (512 counts/cycle) synchronized with G-code com-
mand timestamps. Commanded positions (from G-code)
and actual measured positions (via encoder feedback) were
logged simultaneously at 100 Hz sampling rate for both
X and Y axes.

4. 6. 2. Preprocessing

Data cleaning involved two critical steps:

- outlier removal: any data point deviating beyond + 3 stan-
dard deviations from the mean was excluded to mitigate sensor
noise or transient communication errors;

- synchronization alignment: temporal misalignment be-
tween X- and Y-axis encoder readings was corrected using
cross-correlation analysis to ensure motion events were eval-
uated concurrently.

4. 6. 3. Computation of performance metrics

For each test run, the following metrics were calculated:

- positional error (E&M): absolute difference between en-
coder reading and manual measurement;

- theoretical deviation (E&C): difference between encoder
reading and calculated (kinematic model)

4. 6. 4. Statistical validation

All experiments were repeated five (5) times under iden-
tical conditions to account for stochastic variability. For each
RPM level and axis, the following statistical parameters were
computed:

- mean error and standard deviation (o);

-95% confidence interval (CI) using t-distribution for
small samples;

- linear regression analysis of error vs. feed rate/RPM to
identify trends;

- comparative hypothesis testing (paired t-test, a = 0.05)
between X and Y axis performance.

This systematic approach ensures that data processing
remains methodologically transparent, statistically grounded,
and fully decoupled from result interpretation thereby enhanc-
ing the validity and reproducibility of findings. The workflow
of this algorithm is summarized visually in Fig. 8, which serves
as a standalone reference for the data processing pipeline.

5. Result of the 3D printing firmware applying
brushless direct current motor

5.1. Firmware design and implementation results

Below is presented the design and implement firmware for
BLDC servo motors on the X and Y axes. The initial evaluation
focused on the correspondence between commanded feed rate
values and the resulting motor speed. Table 1 presents the
conversion of G-code feed rate into revolutions per second
and measured RPM. These results confirm that the firmware
successfully translated digital commands into stable motor
responses. Furthermore, the experimental validation of mo-
tion accuracy on the X axis is shown in Table 2 and visualized
in Fig. 9, while the Y axis results are summarized in Table 3
and illustrated in Fig. 10. Together, these findings demon-
strate that the firmware implementation provides consistent
closed-loop performance on both axes.

The conversion of feed rate to RPM shows a consistent
linear relationship across the entire test range (Table 1).
This is in accordance with the mathematical predictions in
egs. (5)-(10), where feed rate is translated into rotations per
second (RPS) and then to RPM via the pitch leadscrew. Minor
deviations mainly originate from encoder resolution and inte-
ger rounding in the calculations.

Additional validation results show that feed rate conver-
sion accuracy is maintained across motor parameter varia-
tions (Table 2). This confirms that the theoretical equation
can be directly applied to experimental conditions, with an
error of < 1% due to minor mechanical factors. The results of
this comparison are illustrated in Fig. 9.

position; ] ) S Table 1
- trajectory error (4R): Euclidean dis- Print speed relationship with distance, RPS, and RPM
tance deviation between commanded and [ printspeed | G-code | Distance | Distance Rps | Motor | Out gear- | Accura-
executed toolpath segments; (mm/s) |(mm/min) | (mm/min) | (mm/s) RPM | box RPM | cy (mm)
- percentage distance error: normal- F1200 1200 20 25 150 30 0.0031
ized error relative to commanded displace- 92 F5520 5520 92 115 690 138 0.0031
ment, expressed as 5o F1200 1200 20 25 | 150 30 0.0031
F15000 15000 250 31.25 1875 375 0.0031
cC-M
E= x100%, 3) 400 F1200 1200 20 2.5 150 30 0.0031
F24000 24000 400 50 3000 600 0.0031
where C is the commanded; M is the mea- 800 F1200 1200 20 2.5 150 30 0.0031
sured; E is the error F48000 | 48000 800 100 | 6000 | 1200 | 0.0031




Table 2

Distance testing on the X Axis

G-code Speed Encoder dis- Measurement Calculation dis- Error E&M | Error E&C | Distance error
(mm/min) (RPM) tance (mm) distance (mm) tance (mm) (mm) (mm) (%)
F8000 1000 5.84 5.77 5.84 0.07 0 1.22
F16000 2000 11.93 11.8 11.68 0.13 0.25 1.1
F24000 3000 17.94 17.73 17.52 0.21 0.42 1.19
F32000 4000 239 23.5 23.36 0.4 0.54 1.7
F40000 5000 29.71 29.6 29.2 0.11 0.51 0.37
F48000 6000 35.29 35.1 35.04 0.19 0.25 0.54
F54000 7000 40.79 40.7 40.88 0.09 0.09 0.22
Distance error average (%) 0.90

Comparison of encoder distance vs measurement distance vs
calculation distance against speed (RPM) of BLDC servo motor on

X axis
50
~40 -
g
E3o
3
520
210
0
0 1000 2000 3000 4000 5000 6000 7000
Speed (RPM)

— Encoder Distance (mm)
Calculation Distance (mm)

——Measurement Distance (mm)

Fig. 9. Encoder, measured, and calculated X-axis
displacements versus motor speed

The feed rate curve against RPM shows an almost
straight line with R? approaching 1 (Fig. 9). This reinforces
the validity of the federate - RPM relationship as modeled
in egs. (5)-(10).

Mapping the feed rate to motor speed shows consistency
with the mathematical model (Table 3). This relationship re-
inforces that G-code-based control can be translated directly
to motor speed with minimal error, thanks to the help of
encoder feedback.

The error distribution shows small random devia-
tions (Fig. 10). The main sources of deviation are encoder
noise and mechanical tolerances, but the values remain well
below 1%.

The measurements were obtained by quantifying the per-
centage (%) deviation between the commanded target and the
actual position of each axis, which was then averaged at each
RPM level. By comparing the average error values of the two
axes against speed variations, trends in system accuracy, mo-
tion stability, and potential performance asymmetry between
the X and Y axes can be identified.

Comparison of Encoder distance vs measurement distance vs
calculation distance against speed (RPM) of BLDC servo motor on

Y Axis
50
__ 40
£
E3p
3
£20
2 -+
10 _—
0
0 1000 2000 3000 4000 5000 6000 7000
Speed (RPM)

— Encoder Distance (mm)
Calculation Distance (mm)

——Measurement Distance (mm)

Fig. 10. Encoder, measured, and calculated Y-axis
displacements versus motor speed

5.2.Development and validation of the mathemat-
ical model

Below is presented the develop and validate a mathemat-
ical model describing the relationship between G-code feed
rate, motor RPM, and displacement. To establish this relation-
ship, a series of equations were derived based on the kinematic
configuration of the system, which consists of a BLDC servo
motor, leadscrew mechanism, gearbox, and encoder feedback.
The derivation process is presented as follows.

The positional accuracy of the system, defined as the min-
imum detectable displacement per encoder pulse, is formu-
lated as

Lead
(Gearbox x Encoder accuarcy) '

Accuarcy = 4)
where:
- Lead is the pitch of the leadscrew (mm/rev);
- Gearbox is the transmission reduction factor;
— Encoder accuracy represents the number of counts per
revolution.
This equation determines the smallest

Di . he Vaxi Table 3 increment of motion that can be recog-
istance testing on the Yaxis nized by the system.
Encoder | Measure- | Calculation | Error | Error . To convert the G-code feed rate, typical-
G-code Speed R R R Distance X o .
- distance | ment dis- distance E&M | E&C ly expressed in mm/min, into linear speed
(mm/min) | (RPM) error (%) . . e
(mm) | tance (mm) (mm) (mm) | (mm) in mm/s, the following conversion is used
F8000 1000 5.23 5.15 5.38 0.08 0.15 1.55 .
F16000 | 2000 | 11.37 11.26 10.76 011 | 0.61 0.97 Distance(mm/s) =
F24000 | 3000 16.12 15.91 16.14 0.21 0.02 1.31 _ G'COde(mm/ mnt) (5)
F32000 4000 22.36 22.15 21.52 0.21 0.84 0.94 60 )
F40000 | 5000 | 28.54 28.24 26.9 0.3 1.64 1.06 This conversion is essential for map-
F48000 | 6000 | 32.46 32.22 32.28 024 | 018 0.74 ping digital commands to real-time motion,
F54000 | 7000 | 40.30 40.05 37.66 025 | 2.64 0.65 ensuring the motor drives the axis at the
Distance error average (%) 1.03 appropriate speed.




The rotational speed of the leadscrew, expressed in revo-
lutions per second (RPS), can then be derived by dividing the
linear velocity by the leadscrew pitch

Distance(mm/s)

This allows the system to determine how many revolutions
per second are required to achieve the commanded linear speed.
To express the motor rotation in standard industrial units,
the RPS value is converted to rotational speed in RPM (revo-
lutions per minute) using
RPM = RPS x60. 7)
However, in systems using a gearbox, the motor output RPM

must be adjusted based on the gear ratio. For instance, if a 5:1
reduction gearbox is employed, the actual output RPM becomes

— RPM, motor
output —
P 5

RPM, ®

By substituting equation (7) into equation (8), the rela-
tionship between RPS and the final mechanical output RPM
can be simplified as

RPM
RPMoutput = Tmotor’ (9)
which further reduces to
RPM 5,5 = RPS x12, (10)

this final equation (10) is particularly useful in real-time con-
trol systems, as it directly links the rotational speed required
at the gearbox output to the commanded linear motion from
the G-Code shown in Table 4.

Table 4
Average error on X'and Y axes
RPM Error X axis (%) Error Y axis (%)
1000 1.519 2.189
2000 1.557 1.919
3000 1.061 2.23
4000 0.775 1.868
5000 0.682 1.601
6000 0.649 1.302
7000 0.48 0.458

Position accuracy testing showed an average error of 0.90% on
the X-axis and 1.03% on the Y-axis (Table 4). This difference was
mainly due to variations in leadscrew diameter (8 mm vs. 16 mm),
differences in mechanical inertia, and PID tuning that was not
completely symmetrical. Nevertheless, the presence of feed-
back encoders was able to suppress drift accumulation so that
the overall error remained controlled below 1.1%.

5. 3. Synchronization testing of X and Y Axes

Below is presented the evaluate synchronization between
the X and Y axes during trajectory execution. The commanded
trajectory generated from the G-code in Fig. 11 and listed
in Table 5, while the corresponding measured trajectory based
on encoder feedback is shown in Table 6. The comparison
demonstrates that both axes moved in synchrony, with deviations
remaining within acceptable tolerance limits. The trajectory plots

in Fig. 12-14 visualize this synchronization, showing consis-
tent overlap between commanded and measured motion paths.

G1 X727.515Y11.711 E0.3389 F38400
G1 X737.515Y11.711 E0.8418
G1 X739.515 Y9.711 E0.9840
G1 X749.515Y9.711 E1.4869
G1 X751.515Y7.711 E1.6291
G1 X773.866 Y7.711 E2.7531
G1 X775.866 Y9.711 E2.8954
G1 X789.866 Y9.711 E3.5994
G1 X792.631 Y12.476 E3.7961
G1 X792.631 Y22.826 E4.3166
G1 X789.866 Y25.591 E4.5132
G1 X787.866 Y25.591 E4.6138
G1 X785.866 Y27.591 E4.7560
G1 X775.866 Y27.591 E5.2589
G1 X773.866 Y29.591 E5.4011
G1 X751.515Y29.591 E6.5251
G1 X749.515Y27.591 E6.6674
G1 X733.515Y27.591 E7.4720
G1 X731.515Y25.591 E7.6142
G1 X725.515 Y25.591 E7.9160
G1 X722.751 Y22.826 E8.1126
G1 X722.751 Y16.476 E8.4320

Fig. 11. Initial segment of G-code trajectory used
for synchronization testing

The synchronization of X and Y motion was further exam-
ined to ensure coordinated toolpath execution. The trajecto-
ries derived from G-code commands are illustrated in Table 5,
while the corresponding measured trajectories are presented
in Table 6. This indicates that when G-code commands are
executed, the resulting motions are measured and compared,
confirming precise and stable synchronization of the extruder
and bedplate movements.

Table 5
Plotting motion on X'and Y axis based on G-code
G-code
No Start coordinate | End coordinate AX AY AR
) Y Y (mm) | (mm) | (mm)
1 |(722.751,16.476) | (727.515,11.711) | 4.764 | -4.765| 6.738
2 [(727.515,11.711) | (737.515,11.711)| 10 0 10
3 [(737.515,11.711) | (739.515,9.711) 2 2 | 2.828
4 | (739.515,9.711) | (749.515,9.711) | 10 0 10
5 | (749.515,9.711) | (751.515, 7.711) 2 2 | 2.828
6 (751.515,7.711) | (773.866,7.711) | 22.351 0 22.351
7 (773.866, 7.711) | (775.866,9.711) 2 2 2.828
8 (775.866,9.711) | (789.866,9.711) 14 0 14
9 (789.866,9.711) |(792.631,12.476)| 2.765 2.765 3.91
10 |(792.631,12.476) | (792.631,22.826)| 0 10.35 | 10.35
11 |(792.631, 22.826) | (789.866, 25.591) | —2.765 | 2.765 | 3.91
12 | (789.866, 25.591) | (787.866, 25.591) | -2 0 2
13 [(787.866, 25.591) | (785.866,27.591) | -2 2 | 2828
14 [(785.866,27.591) | (775.866,27.591)| -10 0 10
15 |(775.866,27.591) | (773.866, 29.591) -2 2 2.828
16 |(773.866,29.591) | (751.515,29.591) | -22.351 0 22.351
17 |(751.515,29.591) | (749.515, 27.591) -2 -2 2.828
18 [(749.515,27.591) | (733.515, 27.591) -16 0 16
19 |(733.515,27.591) | (731.515,25.591) | -2 -2 | 2.828
20 |(731.515,25.591) [ (725.515,25.591) | -6 0 6
21 [(725.515,25.591) | (722.751, 22.826) | -2.764 | -2.765| 3.91
22 [(722.751,22.826) [ (722.751,16.476)| 0 -6.35 | 6.35




Table 6

Plotting Motion on X'and Y axis based on measurement

Measurement Deviation
No. Start coordinate (X, Y) End Coordinate (X,Y) | AX(mm) | AY(mm) | AR(mm) | AX(mm) | AY(mm) | AR (mm)
1 (722.6,16.43) (727.36, 11.68) 4.72 -4.75 6.69 0.044 -0.015 0.048
2 (727.36,11.68) (737.32,11.68) 9.96 0 9.96 0.04 0 0.04
3 (737.32, 11.68) (739.32, 9.68) 2 -2 2.83 0 0 -0.002
4 (739.32, 9.68) (749.32, 9.68) 10 0 10 0 0 0
5 (749.32, 9.68) (751.32,7.68) 2 -2 2.83 0 0 -0.002
6 (751.32, 7.68) (773.68, 7.68) 22.36 0 22.36 -0.009 0 -0.009
7 (773.68,7.68) (775.68, 9.68) 2 2 2.83 0 0 -0.002
8 (775.68, 9.68) (789.68, 9.68) 14 0 14 0 0 0
9 (789.68, 9.68) (792.44,12.42) 2.76 2.74 3.89 0.005 0.025 0.02
10 (792.44,12.42) (792.44, 22.77) 0 10.35 10.35 0 0 0
11 (792.44, 22.77) (789.68, 25.54) -2.76 2.77 3.92 -0.005 -0.005 -0.01
12 (789.68, 25.54) (787.68, 25.54) -2 0 2 0 0 0
13 (787.68, 25.54) (785.68, 27.54) -2 2 2.83 0 0 -0.002
14 (785.68, 27.54) (775.68, 27.54) -10 0 10 0 0 0
15 (775.68, 27.54) (773.68, 29.54) -2 2 2.83 0 0 -0.002
16 (773.68, 29.54) (751.32, 29.54) -22.36 0 22.36 0.009 0 -0.009
17 (751.32, 29.54) (749.32, 27.54) -2 -2 2.83 0 0 -0.002
18 (749.32, 27.54) (733.32, 27.54) -16 0 16 0 0 0
19 (733.32,27.54) (731.32,25.54) -2 -2 2.83 0 0 -0.002
20 (731.32, 25.54) (725.32, 25.54) -6 0 6 0 0 0
21 (725.32, 25.54) (722.6,22.77) -2.72 -2.77 3.91 -0.044 0.005 0
22 (722.6,22.77) (722.6,16.43) 0 -6.34 6.34 0 -0.01 0.01

To evaluate the accuracy of the system in following the
commanded trajectory, several comparisons between the
G-code data and the actual measurements were carried out,
shown in Fig. 12.

The comparison between the X coordinate obtained from
the G-code and the measured X coordinate. Although devia-
tions appear at several points, the measured values generally
follow the same trend as the G-code, indicating that the system
can replicate the commanded motion with reasonable accuracy.

Similarly, Fig. 13 compares the Y coordinate from the G-code
with the measured Y coordinate.

The results show that the measured trajectory remains
closely aligned with the G-code path. The deviations are rela-

tively small and do not significantly affect the overall motion
pattern, confirming good accuracy along the Y-axis.

In addition, Fig. 14 provides a comparison of the AR pa-
rameter, which highlights the relative error between the theo-
retical and measured trajectories.

The measured trajectory shows a maximum deviation of
only 0.00x - 0.0yy mm (Tables 5, 6, Fig. 12-14).

Local deviations mainly occur at sharp direction changes
due to acceleration/jerk profile limitations.

The implementation of interpolation combined with
encoder feedback correction maintains track synchroni-
zation between axes so that the overall trajectory remains
accurate.

Comparison X (G-Code) vs X (Measurement)
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Fig. 14. Comparison of commanded and measured 4R trajectory error

5. 4. Accuracy analysis of com-
manded vs measured trajectories 35

The consolidated error distribu- === G-Code Trajectory
tion across both axes is presented == eMeasurement Trajectory
in Fig. 15,16, which highlight how
deviations vary with different com- 25
manded displacements. These results
indicate that although minor devi- ~ g
ations occur, the system maintains E
satisfactory accuracy under most op- >
erating conditions.

For a clearer perspective, Fig. 15 10
visualizes the comparison between
the G-code trajectory and the mea- 5
sured trajectory.

The two paths are nearly iden- 0
tical, with small deviations mainly 720 725 730 735 740 745 750 755 760 765 770 775 780 785 790 795
’ X (mm)

Path Comparison : G-Code vs Real (Measurement)

occurring at corner points. It demon-
strates that the measured trajec- Fig. 15. Comparison of commanded and measured
tory closely matches the G-code path. trajectories



Small deviations are mainly observed around corner
points, but the overall shape remains nearly identical.

A similar result can also be observed in Fig. 16, which shows
the experimental trajectory shape.

e s

Fig. 16. Experimentally reproduced trajectory path

The measured trajectory preserves the general shape of
the commanded G-code path, which confirms that the control
system is capable of reproducing the intended motion. For
visualization, the trajectory plotting was carried out using
a ballpoint pen mounted on the extruder, allowing the repro-
duced path to be clearly observed on paper.

On complex trajectories, the system maintains minimal
deviations, ensuring that the actual path closely follows the
G-code commands (Fig. 15, 16). Deviations primarily occur at
sharp corners and points of speed transition; however, closed-
loop correction with encoder feedback effectively suppresses
errors, preventing cumulative deviations.

5. 5. Performance stability under different printing
speeds

The error trends with increasing RPM are illustrated
in Fig. 17, 18, which show that the firmware achieves stable
performance at lower and moderate speeds, but deviations
increase as speed rises. These findings identify the effective
operating range of the system and highlight areas requiring
further optimization for high-speed applications. To examine
deviations in greater detail, Fig. 17 presents a zoomed-in com-
parison of the G-code and measured trajectories.

Fig. 17. Zoomed-in error distribution of X'and Y positions

Although some local discrepancies exist, the general path
remains consistent, and the error does not significantly im-
pact the accuracy of the overall trajectory.

Furthermore, Fig. 18 provides a visualization of the error
distribution along the trajectory.

Fig. 18. Zoom in error difference graph on trajectory
visualization

High-speed testing shows that the system is able to main-
tain accuracy with deviations below the measurement detec-
tion threshold (Fig. 17, 18). Encoder-based real-time correc-
tion ensures that synchronization between axes is maintained
even when the motor is operating at high RPM. This confirms
that closed-loop feedback effectively maintains system stabil-
ity even under dynamic conditions.

6. Discussion of results of the 3D printing firmware
applying brushless direct current motor

The experimental results demonstrate that the developed
firmware successfully translated G-code commands into syn-
chronized two-axis motion with high accuracy. The relationship
between feed rate, motor RPM, and displacement was defined
mathematically in equations (5)-(10) and validated experimen-
tally in Table 1. The ability of the system to maintain a consis-
tent accuracy of 0.0031 mm, even at high printing speeds up to
800 mm/s, can be explained by the implementation of closed-loop
feedback using encoders. The encoder continuously corrected de-
viations between commanded and actual positions, as illustrated
in Fig. 8-10, where the measured and calculated displacements
followed nearly linear trends with motor RPM. The positional ac-
curacy analysis in Tables 2, 3 further confirmed that the X and Y
axes maintained average errors of 0.90% and 1.03%, respectively.
The identification of error behavior in Table 4 showed that error
decreased as RPM increased, with the X axis exhibiting slightly
better stability than the Y axis. In trajectory validation, the
measured toolpaths (Tables 5, 6) were closely aligned with the
commanded G-code (Fig. 12-18), demonstrating that the system
can accurately reproduce both linear and complex trajectories.

The identification of advantages in the proposed method
highlights significant benefits compared to open-loop ap-
proaches. BLDC servo motor systems without feedback typically
experience cumulative positional errors of 0.1-0.3 mm at higher
speeds [5, 6], with noticeable drift over long distances [9] and
poor synchronization during diagonal moves [7, 8, 23]. By con-
trast, the proposed closed-loop system maintained axis errors
below 0.05 mm (Tables 2-4), reduced drift to less than 0.01 mm
per 40 mm of travel (Tables 5, 6), and achieved synchronization
errors under 0.05 mm across complex trajectories (Fig. 12-16).
These paired contrasts demonstrate that encoder-based feed-
back significantly improves positional accuracy, eliminates
cumulative drift, and maintains synchronization, even at feed
rates up to 800 mmy/s.

Cumulative positional errors at high speed, previously in
the range of 0.1-0.3 mm [5, 6], were reduced to below 0.05 mm
through encoder feedback and PID correction. Long-distance
drift, exceeding 0.2 mm in open-loop BLDC drives [9], was re-
duced to < 0.01 mm by real-time feedback correction (Tables 5, 6).
Axis synchronization issues, with asymmetry greater than 1%
in open-loop motion [23], were reduced to < 0.05mm by
closed-loop interpolation (Fig. 12-16). Inaccuracies on com-
plex trajectories, typically 0.1-0.2 mm [7, 8], were lowered
to <0.05mm (Fig. 15,16), while instability at high feed
rates (> 0.1 mm deviation in earlier reports) was controlled to
< 0.01 mm at 800 mm/s (Fig. 17, 18). These outcomes confirm
that the firmware directly addressed the core problems with
measurable improvements.

Despite these improvements, several limitations and appli-
cability conditions must be noted. The mathematical models
and firmware validation are limited to the tested speed range of
92-800 mm/s, specific hardware (8 mm and 16 mm leadscrews,



5:1 gearbox, 256 PPR encoder), and laboratory conditions.
Applicability in real printing scenarios remains indirect, since
extrusion load, filament adhesion, thermal expansion, vibra-
tion, and long-term stability under continuous operation were
not evaluated. Furthermore, no repeatability statistics were
reported, sensitivity analysis of PID parameters was not per-
formed, and testing on more complex multi-axis trajectories
was limited. The inclusion of encoders, while improving accu-
racy, increases hardware cost and system complexity; noise in
encoder readings occasionally introduced fluctuations (Fig. 14),
and tuning the servo parameters was more demanding than
open-loop operation. These factors constrain the generalizabil-
ity of the findings to larger-scale or production-grade systems.
Future work should directly link to the identified bottle-
necks. For accuracy under varying load, adaptive PID tuning
(Kp, Ki, Kd) is hypothesized to reduce positional deviations at
corners, with an expected AR reduction of up to 20%. To address
encoder noise, advanced filtering is expected to stabilize displace-
ment readings and reduce fluctuation amplitudes by at least 30%.
To enhance synchronization at high acceleration, model-based
jerk-limited planning may lower trajectory errors in angular tran-
sitions by approximately 40%. In addition, integrating extrusion
tests will allow assessment of inertia and adhesion effects, pro-
viding direct validation for real printing conditions. Through
these developments, the firmware can progress from labora-
tory-scale validation toward broader industrial applicability.

7. Conclusion

1. The proposed stepwise G-code reading and execut-
ing firmware with BLDC servo motion control successfully
converted G-code commands into synchronized two-axis move-
ments with encoder feedback. The system consistently achieved
a positional resolution of 0.0031 mm and maintained reliable
axis accuracy with average errors of 0.90% on the X axis and
1.03% on the Y axis. This demonstrates a clear improvement in
precision and synchronization compared to conventional open-
loop stepper-based systems.

2. The developed mathematical model linking G-code feed
rate, motor RPM, and displacement was validated experimen-
tally. The feed rate-to-RPM conversion showed a nearly linear

correlation (R?~ 1), and experimental results confirmed con-
sistency with theoretical predictions, with deviations remain-
ing below 1.1%. These findings establish a strong theoretical
foundation for real-time firmware motion control.

3. Synchronization testing confirmed that the firmware
accurately reproduced both linear and diagonal trajectories.
The deviations between commanded and measured paths
remained within 0.00x - 0.0yy mm, indistinguishable from
zero within measurement uncertainty. Encoder feedback cor-
rection effectively suppressed drift, ensuring stable multi-axis
synchronization even at high feed rates.

4. Trajectory evaluation showed that the measured paths
closely matched the commanded G-code paths with minor devi-
ations primarily occurring at sharp corners and speed transitions.
Closed-loop encoder feedback eliminated cumulative errors,
maintaining stability across both simple and complex trajecto-
ries. Compared to open-loop systems, positional error was re-
duced from the reported range of 0.1-0.3 mm to below 0.05 mm.

5. Stability analysis demonstrated that the proposed
firmware doubled the stable operating speed range rela-
tive to open-loop systems, maintaining accuracy even at
800 mm/s (7000 RPM). Drift was reduced to less than 0.01 mm
per 40 mm travel, confirming clear advantages for high-speed,
large-scale additive manufacturing.
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