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Abstract— Advances in additive manufacturing technology are driving the need for high-
quality, affordable, and sustainable filaments. In Indonesia, the demand for filaments and ex-
truders is largely met through imports, prompting researchers to innovate and develop filament
extrusion machines, including those at the Politeknik Manufaktur Bandung, which has devel-
oped a filament extrusion machine equipped with a camera-based inspection and control system
to produce high-quality filaments from LDPE gallon cap waste. This system integrates a digital
microscope camera and a microcontroller to monitor the diameter of the extruded filament and
correct the diameter by controlling the speed of the pull motor to stabilize the diameter in real-
time. Image processing uses a color-based edge detection algorithm, and camera calibration
results show a precision of 0,009 mm/pixel. Diameter data is sent to the Arduino Mega, which
then uses the L298N driver to control motor speed via the Sliding Mode Control (SMC) method.
Test results show that at 15 RPM, the average filament diameter is 1,77 mm with an error of
1,14%, while at 20 RPM it becomes 1,56 mm with a larger error of 10,86%, compared to the
standard commercial filament size of 1,7Smm. SMC control also demonstrated better perfor-
mance than PID in terms of system accuracy in reaching the set point. This system could serve
as an economic and ecological solution for local recycled filament production, reducing de-
pendence on imported products.
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1 Introduction
Additive manufacturing technology or better known as 3D printing technology, has become the

backbone of the Industrial Revolution 4.0 due to its ability to print complex objects with high pre-
cision and efficiency [1],[2],[3]. The increased adoption of this technology has driven the need for
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dimensionally stable as high-quality filaments [4]. In Indonesia, most raw materials for 3D printing
are still imported, including extruder machines. According to Volza's global market report (2025),
Indonesia is listed as one of the top ten importers of extruder machines, with 3,906 shipments from
316 international suppliers during the 2023-2024 period [5].

As a solution, a number of researchers are innovating to create local extruder machines made
from plastics waste [6],[7] one of which is the use of raw materials such as LDPE from gallon cap
waste has been studied as an alternative filament material. Gallon bottle caps are commonly used in
everyday life and are typically discarded after single use, making them a significant contributor to
plastic waste[8]. Thermal testing has confirmed that this type of waste exhibits stable melting char-
acteristics and is feasible for extrusion into 3D printing filaments [9]. Muslimin et al. (2024) demon-
strated that LDPE based recycled filaments can exhibit functional performance comparable to com-
mercial filaments in terms of shape and tensile strength [1]. However, the main issue in the filament
extrusion process is uncontrolled diameter fluctuations. Diameter fluctuations can cause printing
defects such as nozzle blockages, poor layer bonding, and dimensional inaccuracies [10],[11],[12].

Figure 1 shows the mechanism of an FDM (Fused Deposition Modeling) or FFF (Fused Filament
Fabrication) type 3D printing machine is the most popular additive manufacturing method, in which
thermoplastic materials are heated and extruded through a multi-layered nozzle to form 3D objects
[13]. Based on the extruder mechanism, there are two extruder gears that push the filament out to
print the product. Only filaments with standard dimensions (F0), which are as large as the distance
between the gears (N) can be extruded. If the filament is larger in diameter (F1), the extrusion of the
filament will cause a jam in the extruder, or if the filament is smaller (F2), it cannot be pulled out
for extrusion, and eventually the printing of the product fails.
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Figure 1. 3D printing extruder mechanism

To address this issue, an automated inspection system based on a camera and digital image pro-
cessing algorithms offers a promising solution [14],[15]. This system not only detects diameter in
real-time [16],[17], but also integrates electronic control to adaptively adjust the speed of the pulling
motor. Additionally, speed control based on Sliding Mode Control (SMC) has proven to be more
adaptive against system nonlinearity compared to conventional PID methods [18],[19].

This research aims to develop a camera-based digital microscope and image processing system
for inspecting the diameter of recycled LDPE filaments, integrated with SMC-based motor speed
control using an Arduino Mega microcontroller. The system is expected to maintain filament diam-
eter stability in accordance with commercial standards of 1.75 mm with a tolerance of +£0.05 mm
[20].

2 Method

The method used in this research includes several technical stages. Table 1 shows a list of system
demands that must be met in this research as an indicator of research success. Where mechanically
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this system must be able to process plastic bottle cap waste into filaments, which is equipped with a
visual inspection system. The electrical function must be safe when operated, of course, it must be
able to drive the mechanical system according to its function. Then, the designed informatics system
algorithm must be able to send the actual diameter measurement results to the microcontroller in
real time, so that it can be integrated with a control system that provides control logic to the pulling
motor based on signal input from the measurement results by the camera.

Table 1. List of system work demands

No. Domain Tasks Demands

1 Mechanical System Mechanical System can print 3D printed filaments derived from plastic seeds.
Camera-based inspection system does not hinder the extrusion rate.
Electrical functions are safe to operate.
Capable of effectively driving the mechanical system.
Capable of sending control signals to the microcontroller.
Capable of measuring filament diameter with an accuracy of less than 0.05 mm..
The system can control the speed of the pulling motor based on filament diameter
measurement feedback obtained from the camera.

2 Electrical System

3 Informatics System

4 Control System

Figure 2 shows an overview of the system that is derived from the list of demands that have been
defined. The camera acts as an image acquisition device that records the physical shape of the fila-
ment produced from the extrusion process. The image data obtained is in the form of filament cross-
section, which was originally represented in mm (millimeter) metric units in the camera into pixel
units received by a digital image processing device in the form of a laptop. From the user side, image
processing algorithms are implemented which include edge detection using the color detection
method and utilizing the OpenCV library to convert the pixel scale to mm, then the image acquisition
results are transmitted to the towing motor as input for motor speed control. The speed control of
the puller motor is programmed with the SMC control method, where the L298N driver which acts
as a supply for the motor will receive a signal from the Arduino Mega with the control set as follows.
a) If the setpoint > actual diameter, then the speed of the pulling motor is reduced.

b) If setpoint < actual diameter, the speed of the puller motor is increased.
c) If setpoint = actual diameter, then the speed of the puller motor is constant.

MACHINE USER

Filamen Pixel
z.'f;gr Extrusion Camera
" Process Color Detection|
Method
Python
Milimeter (OpenCV)

»| Driver L288N Connect via USB Ato B cable

SMC Method with UART Protocol

Arduino UNO
Motor
Roller

Figure 2. System overview

2.1 Mechanical system

Figure 3 shows the design of a plastic extruder machine consisting of eight parts: (1) There is the
screw motor, which acts as a plastic raw material pusher, (2) There is a hopper, which acts as a
temporary container for raw materials, (3) There is a fan, which acts as the first cooling device, (4)
There is a band heater that wraps around the extrusion chamber, which acts to melt the raw material
so that it can be extruded out of the die, (5) There is a puller motor that pulls the filament as it exits
the die, so the puller speed can affect the diameter of the formed filament, (6) There is a water tank
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as the second cooling function, (7) There is a slider motor that acts as a filament guide to enter the
reel to prevent tangling, (8) There is a roller motor that acts to wind the filament.

Roller motor

17HS002-27B
Band heater
220VAC

Puller motor
DC JGA25-370

Fan
12VDC

ling water
Coolhe Slider motor

Stepper 17HS4401

Hopper
Steel \
Screw motor

DC GR 42x25 \ o

Figure 3. Extruder machine design

The machine incorporates two types of motors: DC motors (used for screw and puller motors)
and stepper motors (used for slider and roller motors). This selection is strategic, considering the
requirements for continuous torque, precise positioning, and efficient control [21],[22]. Where DC
motors such as the GR 42x25 and JGA25-370 offer high torque and can be speed regulated using
only PWM, they are ideal for maintaining a consistent rate of material being melted through the
nozzle. Whereas stepper motors are used in systems that require positional precision, their ability to
move in discrete steps without encoders can be used for filament winding systems or filament posi-
tion adjustment mechanisms.

2.2 Electrical system

Figure 4 illustrates the arrangement of components, strategically positioned to ensure safe oper-
ation. It shows a power junction acting as a DC voltage source, distributing power to each component
according to its specific requirements. Additionally, two types of microcontrollers, two types of DC
motor drivers, two types of stepper motor drivers, and two relays are positioned side by side, facili-
tating ease in cable installation, maintenance, and troubleshooting.

Junction power Arduino Mega
Driver L289N Arduino UNO
Driver BTS7960

Relay
Driver TB6560

Busbar terminal

Figure 4. Placement of components in panel box
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In this electrical system, there are two types of microcontrollers used to build the system archi-
tecture in this study. The use of two types of microcontrollers is intended for the needs of task seg-
mentation on the embedded system is necessary to produce an optimized system [23]. The master-
slave configuration was chosen because it is effective enough to perform task segmentation where
the Arduino Mega serves as the master in charge of receiving the image processing diameter data
from the computer, running the motor speed control, and managing the main logic of the system.
Meanwhile, the Arduino Uno as a slave is used to handle other actuators that are not included in the
main system. This approach is commonly used to share the processing load and expand the flexibil-
ity of microcontroller-based systems [24]. Furthermore, the wiring diagram of this master-slave sys-
tem can be seen in Figure 5.

Figure S. Wiring diagram

2.3 Informatics system

Figure 6 shows the information that process starts when the camera is active, then the camera will
detect the object. If the object is successfully detected, the camera will capture the image and convert
the captured RGB format into grayscale format. Next, a color-based detection method is used to
process the captured image for segmentation. This method isolates the target object, in this case the
extruded filament, from its background by increasing the visibility of the edges. With a translucent
background, the color contrast between the filament and the background is obtained, so the pro-
cessing algorithm only performs simple color detection, i.e. dark and light, to obtain the edges. This
approach is computationally efficient and suitable for microcontroller-based systems, where re-
sources are limited.
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Figure 6. Image processing flowchart

Previous research has shown that optimized lighting and background configuration significantly
improves edge clarity, even in low-complexity embedded systems [25]. After the edge of the object
is successfully detected correctly, the diameter of the filament represented in pixel units will be
converted into length units in mm [26], so that the output will be obtained in the form of the resulting
filament diameter value. To get accurate measurement results, there are three approaches to this
calculation process, as follows:

a) Camera calibration

The camera calibration in this study was performed using the metric spatial calibration approach,
which involves placing a reference object that has a certain physical length represented by one pixel,
so that the scale ratio of pixels to millimeters can be calculated accurately [27]. The purpose of this
calibration is to determine the actual length represented by one pixel, so that the scale ratio of pixels
to millimeters can be calculated accurately. The scale value is obtained through Equation (1), where
the physical length of the reference object in millimeters (P,q;) is divided by the number of pixels
representing that object in the image (P,y), resulting in a scale value (Sy¢f) in mm/pixel. His value
is essential for converting pixel-based measurement results into real length units in the filament
diameter measurement process. This calibration process has also been proven to improve measure-
ment accuracy in simple microcontroller-based image processing systems [28].

Srep (o) =3t (1
Explanation:
Srey  : scale ratio (mm/pixel)
Preqi  : length of physical reference object (mm)
By : length of object in image (pixel)
b) Determine the diameter of the filament
After the camera calibration process, the filament must be positioned in the same location as the
reference object used during calibration to ensure measurement consistency. This method directly
applies the scale factor derived from the calibration step to convert the image-based filament width
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into the metric unit of length in millimeter. The actual filament diameter (D,..q;) is then calculated
by multiplying the pixel width of the filament in the image (D,, ) by the scale ratio obtained from

Equation 1. Thus, this relationship can be expressed in Equation 2.
Dyeqi (mm) = Dpx xsref )

Explanation:
Dyeqi  : actual measured filament diameter (mm)
Dy, : representation of filament diameter in camera frame (pixel)
Sref : scale ratio
The camera placement setup is illustrated in Figure 7. As shown, the camera is positioned directly
above the filament, with the filament itself placed between the camera and a translucent background.
This arrangement ensures clear contrast and optimal lighting conditions, enabling accurate measure-
ment and monitoring of filament diameter during the extrusion process.

filamen

Translucent
Backgorund

Figure 7. Camera placement scheme (top view)

¢) Average method

To anticipate the shape that is not perfectly straight in the cross section of the measured filament
diameter, the average function can be used as an alternative solution to support the success of accu-
rate measurement. It is determined that the ideal filament diameter produced by the extruder machine
is 1.75 mm with a tolerance of £0.05 mm. Thus the allowable fluctuation of filament diameter has
a lower limit of 1.70 mm while the upper limit is 1.80 mm [20]. Thus, f(avg) can be expressed as
shown in Equation 3.

n oo
i=1Di

5_2
D === 3)
Explanation:

D : average diameter

D; : diameter at point — i

2.4 Control system

The stability of the filament diameter is affected by the speed of the pulling motor that physically
regulates the filament pull, so a control system is needed that can adjust the motor speed accurately
based on feedback from sensors in the form of a camera that takes real time measurements of the
filament. DC motors that act as puller motors are basically non-linear which has an impact on the
efficiency of the controller so that a control is needed. PID (Proportional Integral Derivative) control
is widely chosen to regulate the speed of a motor including one of the DC motors. However, if
reviewed more deeply, PID control has the disadvantage that it requires a long control design time
due to the many parameter settings. Sliding Mode Controller (SMC) control is a non-linear speed
controller that is more adaptive [18] by providing speed performance comparable to PID but with
better speed performance in terms of overshoot, short settling time [29], and faster system response
[19].
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The SMC operates by bringing the state of the system to the sliding surface and then to the center
point as shown in Figure 8. The sliding surface is the condition where the switching function (s) is
zero (s = 0). The top and bottom are the limiting switching values (+A). If a state x(t) = x(t) > A then
switching will be off, otherwise if x(t) = x(t) < A then switching will be on [30].

(1)

Desired Value

/
/ Reaching Mode
/
y { E0)

A A " -
2 ,’ Sliding
o )

Surface
SHiding Surface.  +yz=smea=rdel A ENL L E AL B Y Lo M e e
s(t)=0 p

Sliding Mode

(a) (b)

Figure 8. (a) Fase SMC (b) Switching mode[30]

The goal of SMC is for the system output to track the desired reference by generating a control
signal with minimum error. The control signal in SMC is divided into two, namely reaching mode
to bring the system state to the sliding surface which requires switching control (uy,,) and in the
sliding mode state there is an equivalent control (u,,) to maintain a stable system state. The sliding

mode control (uUSMC) signal equation is defined as follows [19].
uSMC (t) = Ueq+ Usw (4)
Usw = K.sgn(s) )

The drawback of SMC is the chattering phenomenon that affects the stability of the control sys-
tem. Chattering is an oscillation phenomenon with a high frequency occurring at the control input.
Pseudo sliding can be used to reduce chattering with smooth control action.

U = Kyios (©)

Where § is a small tuning scalar referred to as the tuning parameter to reduce chattering [19].

Based on empirical data obtained through testing speed variation (rpm) on the diameter of the
filament produced, a linear regression was performed to obtain a model of the input-output relation-
ship [31],[32]. The regression results provide a simple linear model as follows.

d=mxrpm+c (7

Furthermore, this linear model is used to form the first-order plant transfer function model:

D(s) K
G(s) = Ve = meel )
Explanation:
D(s) :system output which is the filament diameter in Laplace domain.
V(s) :system input in the form of puller motor speed.
K=m :is the plant gain, with invers relation.
T : is the plant time constant, estimated based on experimental results of physical system.

rpm : puller motor speed
Thus, the equation in the time domain equivalent to this model can be written as:

D(t) + D(t) = Kv(t) )

Explanation:
D(t) :actual diameter in time domain
v(t) : puller motor speed control signal in time domain
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In designing SMC control, this control works by defining a sliding surface (s) to steer the system
towards the equilibrium point. The value (s) in this study can be defined from the error € and its
derivative (é):

s=c.e+é (10)
The value of (e) is the difference in error from:

e=D,—D, (11)
Then the sliding surface (s) is obtained:

s =c.(Dg = Dg) + 5 (Ds — Do) (12)

Explanation:
c>0 :is adesign parameter that regulates the rate of error convergence
Dy : setpoint diameter
D, : actual diameter
SMC control has the characteristic of forcing the system to go to and maintain a state on the
sliding surface s = 0, so that the error (e) can converge to zero quickly and stably.

s=0=5=0
Based on equation (10), it is obtained:
s=c.e+eée=0
é= —c.e (13)

Considering equation (11), under the condition that D is constant, the error derivative can be sub-
sumed into:

é=-D,=—c.e= —c(Ds —D,) (14)
Thus,
Da = C(Ds - Da) (15)

Substitute equation (15) into the linear plant model equation in (9), thus the equivalent control
(Ueq) is obtained:

tc(Dg — D,) + Dy = Kv (16)

The equivalent control is the motor speed signal required to keep the system on the sliding sur-
face. Thus, the final SMC signal control equation (uSMC) is in equation (17):

c.eté
lc.e+é|+8

uSMC = (zc(Ds — D) + D) + Ki. (17)
Explanation:
K; >0 :isaswitching gain parameter

6 >0 :isaparameter that smooths the saturation to reduce the chattering effect

Thus, a closed control system block diagram is obtained as shown in Figure 9, where the filament
diameter is the system input which then there is system control with the smc control method to
control the speed of the puller motor so as to produce a filament diameter according to the setpoint,
the measurement from the camera is used as system feedback to provide an error signal.
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Figure 9. Block diagram of control system

3 Result

3.1 Hardware implementation

Figure 10 presents a complete view of the horizontal extrusion system that integrates all essential
stages in filament production from material input to spooling. Starting from the left, (1) the screw
motor serves as the driving force to rotate the extrusion screw, while (2) the hopper is used to insert
LDPE plastic pellets as raw material. These pellets are then heated by (3) the band heater and pushed
forward through the barrel.

The molten plastic is propelled toward the outlet and passes through (4) dual cooling fans, which
help solidify the extruded filament. In the center of the system, (5) a digital microscope camera is
mounted directly above the filament path to monitor its diameter in real time. The camera is sup-
ported by a translucent background and even lighting to enhance edge detection accuracy during
image processing. Next, (6) the puller motor maintains a constant tension and pulling speed, ensur-
ing consistent diameter output. To stabilize thermal conditions, (7) a cooling water pump system is
placed under the filament path. The extruded filament is then collected using (8) a slider motor and
finally rolled onto a spool using (9) a roller motor, which ensures tidy and aligned winding.

Figure 10. Extruder machine implementation

The operating temperature of this extrusion machine is relatively low, running in the range of
105-115°C which corresponds to the melting point of LDPE plastic [33], [34] with the raw materials
having to be shredded first. The finer the shredding, the finer and more uniform the filaments pro-
duced. As illustrated in Figure 11, the quality of the shredding process significantly affects the fila-
ment yield where (a) coarse grains produce lumpy and irregular filaments due to melting consistency
and insufficient flow during extrusion, whereas (b) shows that fine grains allow for better processing,
resulting in smoother and more consistent filaments.
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(a) (b)
Figure 11. (a) Coarse chopping, (b) fine chopping

Figure 12 is an implementation of the design in Figure 7, where the digital microscope camera is
placed in top-view, parallel to the extruded filament trajectory. To improve edge contrast and reduce
noise in the captured images, a translucent background is used under the filament made of 12VDC
LEDs, and the lighting source from the built-in digital camera is used. This configuration supports
successful edge detection using a color-based segmentation algorithm, making the measurement
more stable and accurate.

The detected filament diameter will be processed in real-time and sent as feedback to the Arduino
Mega which acts as the main controller. Based on the difference to the setpoint of 1.75 mm, the
microcontroller will send a control signal to adjust the speed of the puller motor through the L298N
driver. This closed loop mechanism ensures that the filament remains within the diameter tolerance
during the extrusion process.

Camera

Puller motor

Filamen

Translucent
backgorud

Figure 12. Camera placement implementation

3.2 Interface

Figure 13 shows the GUI system developed in this study features a live top-view camera feed that
captures the extruded filament in real time. The image display is enhanced using a translucent back-
ground and backlighting to increase edge contrast. A color-based edge detection algorithm is ap-
plied, resulting in yellow contour lines that delineate the filament's left and right edges. This visual
cue not only facilitates precise diameter measurement in millimeters but also reflects the effective-
ness of the implemented image processing method for real-time monitoring.
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Figure 13. Interface

3.3 Device testing

In image-based measurement systems, camera calibration is a critical step to ensure the accuracy
of dimensional analysis. The calibration process establishes the scale ratio between pixel units and
actual physical dimensions, which is essential when the measurement system is used for real-time
control and feedback [26], [27].

This test aims to validate the accuracy of the digital microscope camera used in the extrusion
monitoring system. Before conducting diameter measurements, a metric calibration was performed
using a block gauge with a certified physical dimension of 1.5 mm. The block gauge was selected
due to its widespread use in standard calibration and its high precision in dimensional reference.
Calibration was performed at a fixed working distance of 5.5 cm using a manufacturer-designed
calibration ruler, which allowed direct measurement in pixel units. Based on Equation 1, the scale
factor is determined as:

Syef = oo =(0.009 mm/px

426px

To evaluate accuracy, the camera was used to measure the same block gauge 20 times. Table 2
shows that most errors were within £0.2%, with an average error of just 0.041%, demonstrating a
very high degree of measurement reliability. These results confirm that the system is capable of
measuring filament diameter with an accuracy better than +0.05 mm, as required for maintaining
3D printing filament standards.

Table 2. Camera calibration test results

Test Test piece Camera Testing Error
(mm) (mm) (%)

1 1.4987 0.087

2 1.5025 0.167

3 1.5000 0.000
4 1.5000 0.000
5 1.5029 0.193
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Test Test piece Camera Testing Error
(mm) (mm) (%)
6 " 1.4992 0.053
7 1.5000 0.000
8 e, 1.5016 0.107
9 1.5000 0.000
10 1.5020 0.133
11 (Block gauge) 1.5000 0.000
12 1.5000 0.000
13 1.5000 0.000
14 1.5000 0.000
15 1.4990 0.067
16 1.5002 0.013
17 1.5000 0.000
18 1.5000 0.000
19 1.5000 0.000
20 1.5000 0.000
Mean error (%) 0.041

Figure 14 shows that testing the measurement accuracy on a 1.75 mm commercial filament with
a tolerance of +0.05 mm at various lighting levels has a direct effect on the quality of edge segmen-
tation and the accuracy of computer vision-based filament diameter measurement [33],[34]. Under
ambient lighting conditions, measured at 220 lux, the eSUN filament cannot be recognized as having
a color close to the background. In contrast, SUNLU filaments are still partially recognizable, even
though their edge contours are not segmented.

As the illumination level increases from 400-720 lux, the segmentation quality improves signif-
icantly, as shown by the more accurate edge detection that results in diameter measurement values
that have 0% error with the actual object. This shows that controlled illumination is an important
requirement in image-based inspection systems to avoid detection failures due to low contrast be-
tween the object and the background. The simple solution of using a translucent background also
provides reliable measurement results.

Original Level 0 Level 1 Level 2 Level 3 Level 4

(220 lux in ambience) (400 lux) (480 lux) (640 lux) (720 lux)

eSUN 1.75mm

-

Figure 14. Commercial filament measurement results

Figure 15 shows that the error of the filament diameter measurement decreases significantly as the
lighting intensity increases from 220 lux to 720 lux. Both filament types (eSUN and SUNLU) expe-
rience a decrease in error, but SUNLU shows a more stable and accurate measurement performance,
as evidenced by the error reaching 0% from 480 lux to 720 lux, with an average error of 0.265%,
better than eSUN which reaches 0.286%.
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This difference is closely related to the visual characteristics of filament color and the way the
system detects edges using color-based methods through color thresholding and contour extraction
procedures. The white eSUN filaments tend to have low contrast against the translucent background,
especially at low light intensity. This causes difficulty in edge segmentation as the object boundaries
become less defined. In contrast, SUNLU filaments, which tend to be darker, provide higher con-
trast, making it easier for the system to extract object contours, resulting in more consistent diameter
measurements [33], [34].

Percentage Error of Diameter Against Various Lighting Levels

Mean Error :
0,286%
— 0,265%

eSUN mSUNLU

0,93%

E 0% 0% 0% 0%
E 0,35% 0,18%
= 9 . 1,13%
T % L1e% .
T
£
<
Q1,72

17

220 lux 400 lux 480 lux 640 lux 720 lux

llumination level (lux)

Figure 15. Percentage error of diameter against various lighting levels

3.4 System testing

System testing is carried out in three stages, the first stage is to get an overview of the relationship
between speed and diameter, the second stage is to find the speed value that will be used as a system
reference (base rpm) to get filaments that match the setpoint, and the third stage will be testing a
system that has been integrated between camera measurements and motor speed control using PID
and SMC controls to get more optimal control in terms of producing more consistent filaments.

Table 3 shows that the puller motor can rotate at a minimum speed of 12 rpm and produce fil-
aments with an average diameter of 2.3 mm with the maximum speed limited to 30 rpm only because
it has passed the moment of the lower limit value of the filament diameter of 1.7 mm. It was found
that to obtain a diameter value that complies with the standard of 1.75 mm with a tolerance of <0.05
mm, the upper limit of the allowable diameter is 1.8 mm and the lower limit is 1.7 mm at speeds of
15 rpm and 20 rpm, so further validation testing is carried out to determine the reference speed that
produces filaments with a diameter close to the setpoint.

Table 3. First test results

Speed | Setpoint | Average output diameter | Error

(rpm) | (mm) (mm) (%)
12 2.30 31.43
13 2.10 20.00
14 1.90 8.57
15 1.80 2.86
16 1.77 1.14
17 1.73 1.14
18 1.71 2.29
19 1.70 2.86
20 175 1.67 457
21 1.62 7.43
22 1.55 11.43
23 1.48 15.43
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Speed | Setpoint | Average output diameter | Error

(rpm) | (mm) (mm) (%)
24 1.42 18.86
25 1.38 21.14
26 1.34 23.43
27 1.34 23.43
28 1.32 24.57
29 1.31 25.14
30 1.30 25.71
Mean error (%) 14.29

Figure 16 shows the characteristic relationship of the system where the test results show that (v)
the speed of the puller motor, which plays a role in pulling the filament, produces an inverse rela-
tionship to (d) the diameter of the filament produced, where the diameter of the filament decreases
linearly as the speed of the puller motor increases. Thus, a linear regression equation y = -0.0483x
+2.6322 was obtained which was used to build the linear plant model formulated in Equation 7.

2 e
g 46 e
s ..,
014 y=-0,0483x + 2,6322 * e
R?=0,9137 40
1,2
1
10 15 20 25 30
Speed (rpm)
««- 4@+ Average diameter (mm) Setpoint

Figure 16. Relation between speed and diameter

Table 4 shows the results of validation testing at 15 rpm and 20 rpm to find the reference speed
and set as the base speed of the system to produce filaments in accordance with the setpoint. It was
found that, at a speed of 15 rpm produces an average filament diameter of 1,77 mm with an error
from the setpoint diameter of 3,66%, while at a speed of 20 rpm produces an average filament di-
ameter of 1,56 mm with an error from the setpoint reaching 10,86%. Therefore, it can be stated that
the 15-rpm speed produces a filament distribution consistency that is closer to the setpoint than the
20-rpm speed. Thus, this 15-rpm speed will be used as the reference speed (base speed) to compare
PID control and SMC control to produce consistent filaments within the allowed diameter range.

Table 4. Validation testing

. Setpoin Average diameter at Average diameter at
Point
(mm) 15 rpm 20 rpm

1 1.79 1.75
2 1.75 1.66
3 1.89 1.47
4 1.83 1.36
5 1.84 1.39
6 175 1.79 1.58
7 1.79 1.57
8 1.7 1.61

9 1.76 1.63
10 1.58 1.58

Average (mm) 1.77 1.56
Mean Error (%) 3.66 10.86

To further evaluate the effectiveness of the control system in maintaining filament diameter con-
sistency, comparative testing was conducted between the PID and SMC at a selected base speed of
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15 rpm, the base speed of 15 rpm was selected based on the test validation results in Table 7 showing
that at 15 rpm there is a higher potential to produce filaments close to the setpoint value. At this
stage, both control strategies were tested at thirty different measurement points to assess their ability
to keep the filament diameter within the commercial tolerance range of £0.05 mm. Each point was
analyzed against the commercial tolerance limits of £0.05 mm (upper limit of 1.80 mm and lower
limit of 1.70 mm). This test model adopts the approach taken by Noor et al. (2024), who also eval-
uated diameter consistency with point measurements on filament samples to determine the optimal
parameters[20]. This study adapted the same principle to evaluate the control performance quanti-
tatively.

Figure 17 shows that PID control results in larger diameter fluctuations, with the distribution of
values mostly occurring at points that exceed the tolerance limit, where the mean system error
reaches 4.65% against the diameter setpoint. In contrast, the SMC showed better stability, keeping
the diameter within the tolerance limits with a mean system error of only 1.87%. These findings
confirm that SMC is more reliable and adaptive in handling systems that require fast error correction.

1,95 195 | vvemecomtrnl  mmee- Upper Limit
a) PID Control » 7 b)SMC Control
T an Down Limit
1,90 #\ 1,90
\ [
1,85 / a ha . 85
' .- ‘«° "
180 | —---mmen w - mm - S e | e N
. | "
1,75 d /\ b \ 75
f |\ \
7 L ] ! \ [ ]
1,70 .« " b \ .‘ 70
L} | L] \
1,65 . e |/ 65
.. e I
1,60 v b 60
1,55 ¢ Mean Error = 4,65% 1,55 Mean Error = 1,87%
0 5 10 15 0 25 30 0 5 10 15 20 25 30

Figure 17. Diameter consistency for PID and SMC method

4 Discussion

This research focuses on the development of a digital camera-based inspection system integrated
with a motor speed control system to maintain the stability of the filament diameter resulting from
the extrusion process. The main objective of the system is to create a closed-loop control based on
real-time visual reading that can correct the diameter directly through the speed regulation of
the puller motor. The developed system successfully realized closed-loop control between diameter
detection and puller motor speed. The test results show that the system can measure the diameter
with high accuracy, store the data, and adjust the motor speed automatically based on the deviation
from the diameter setpoint. The implemented controller provides adaptive responses showing fast
correction capability to the fluctuation of filament diameter.

This research does not explicitly address control stability analysis in the context of dynamic sys-
tem control. The test methodology was designed in a structured manner to prioritize the achievement
of output diameter stability, through the stages of: (1) analysis of extrusion system characteristics,
(2) selection of the base speed to obtain the potential stability of the resulting diameter, thus limited
speed testing, and (3) comparison of PID and SMC controller performance in terms of adaptivity to
measurement error correction converted into speed control. The emphasis on the adaptive aspect is
based on the need for the system to respond quickly to changes in diameter, rather than being adap-
tive to persistent disturbances. Future research can focus on analyzing the stability of the control
system and the diameter detection method can also be enhanced with a machine learning-based ap-
proach to improve accuracy under varied environmental conditions that are not accommodated by
the methods that have been implemented in this system.
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5 Conclusion

This research successfully developed a filament extrusion system that integrates a real-time cam-
era-based inspection system using color-based edge detection and OpenCV. This method shows
measurement results with accuracy reaching 0.009 mm/pixel with a detection accuracy rate of
99.959%, where the error margin is only 0.041%. Testing the measurement accuracy in the illumi-
nation range of 220-720 lux shows that the optimal illumination is >480 lux which significantly
improves the segmentation accuracy with an mean error ranging from 0.265% - 0.286%. The high
contrast between the filament and the background ensures better edge segmentation, thus improving
the reliability of real-time measurement.

In addition, the system test results show that the draw speed at 15 RPM is more effective in
achieving the target diameter of 1.75 mm with a deviation of 3.66%. The application of Sliding
Mode Control (SMC) control further enhances the system's ability to maintain filament diameter
consistently and is more adaptive when compared to PID control. Overall, the developed system
offers an economically and ecologically promising solution to produce high-quality recycled LDPE
filaments locally, reducing dependence on imported products and contributing to sustainable addi-
tive manufacturing practices in Indonesia.
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