Pomiary Automatyka Robotyka, ISSN 1427-9126, R. 30, Nr 3/2026, 5-11, DOI: 10.14313/PAR_261/5

Laser-Based \Volume Measurement System
for Optimizing the 3D Printing Process

Krzysztof Zbroja, Mariusz Giergiel

AGH University of Krakow, Poland

Marcin Ostrowski

Centrum Badan i Rozwoju Technologii dla Przemystu SA

Abstract: This article presents the development of a volume measurement system for calibrating
material flow in the print head of a 3D printer operating with FDM technology, with usage of pellet
material. To ensure high printing precision, it was necessary to design a measurement system
capable of calibrating material flow by determining the volume of the deposited material path. A laser
triangulation method — an optical, non-contact distance measurement technique — was employed for
this purpose. In this approach, diffused laser light, focused through a lens, is projected onto a CCD
or CMOS sensor. The position of the laser beam on the sensor allows for the precise calculation

of the distance to the object. Given the high cost of commercial laser profilometers and the closed
architecture of low-cost systems offered by existing 3D printer manufacturers, a custom
measurement solution was developed. The system architecture is based on low-cost an widely
accessible materials. A dedicated image processing algorithm was developed to analyze

the deformation of the laser line and convert the profile data into volumetric measurements.

The system interfaces with the printer’s control unit. Experimental validation was conducted using

a reference object — a machined plate with a insertion of known dimensions. The results confirmed
high measurement accuracy, with errors in the range of tenths of a cubic millimeter, which

is considered sufficient for the intended application.
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1. Introduction

Fused Deposition Modeling (FDM) is one of the most popular
3D printing technologies. It involves forming a part from a path
of molten polymer fed by a printing head. Most solutions use
the material in the form of filament — a strand of thermo-
plastic material with precisely defined diameter. The main
disadvantage of this solution is the high material cost.

The ADDM sp. z 0. 0. company is developing a printing head
allowing to 3D print elements using standard granulate widely
used in polymer processing industry. This solution will signi-
ficantly reduce the costs of manufacturing 3D printed parts.
The solution differs from other heads available on the market
using granules in terms of high precision of material dosing and
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the unique mechanism of retraction. This mechanism allows to
use mentioned granulate head in the way that normal filament
heads are used.

As the head developed, the need for an external flow calibra-
tion system has been noticed. The principle of its operation was
to measure the volume of a single material path and compare

Fig. 1. Principle of operation of the triangulation sensor
Rys. 1. Zasada dziatania czujnika triangulacyjnego
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it with the set value. The measurement is performed before
printing of exact element, on a single trial path of material.
Based on the measurement data, the extrusion parameters can
be corrected. An important demand for measurement is to be
done with a non-contact method. According to big dimensions
of pellet printing head, size limits for measurement systems
were not as strict as in case of normal filaments printers.

It was decided to choose the laser triangulation method
for measuring dimensions of printed path. Triangulation is
a non-contact, optical method of measuring the distance from
a point on a surface. The principle of operation is shown in
Fig. 1. A laser beam emitted from the light source is projected
onto measured object and is scattered on it. Scattered light
is focused using a lens and hits the sensor (usually a CCD or
CMOS matrix). Based on the position of the light beam on the
sensor, the distance between the object and the sensor is deter-
mined [1]. The laser triangulation method is used in both point
sensors (distance sensors) and linear sensors (profile sensors).

There are many ready-made triangulation profile sensors
available on the market [A1l, A2]. However, their high cost
makes their integration with the printing head economically
impossible. Leading 3D printer manufacturers integrate similar
solutions into their systems [A3]. However, these solutions are
closed systems that cannot be connected to third-party har-
dware. For these reasons, it was necessary to develop dedicated
solution for the volume measurement.

The second chapter presents a literature review on the use
of machine vision in 3D printing. The third chapter describes
the components used to build the system. The fourth chapter
describes construction of the device. The fifth chapter pre-
sents the image processing algorithms used in the sensor. The
sixth chapter describes their software implementation. The
seventh presents results of system tests. The last chapter pre-
sents conclusion.

2. Literature Review (State of the Art)

Vision systems are widely used for process monitoring and
quality control in 3D printing. Wyrobek et al. [2] utilized
a commercial laser profile sensor to measure the geometry of
printed tracks and the relative positions of these tracks.

Straub [3] developed a multi-camera system for monitoring
the progress of the 3D printing process. The system enables
the automatic detection of filament feed interruptions and pre-
mature process termination.

Nuchitprasitchai et al. [4] presented two methods for real-
-time monitoring of the 3D printing process. The first method
is based on a single camera. The image captured by the camera
is compared with an image generated from the 3D model of
the printed object. The second method uses two cameras and
involves reconstructing a three-dimensional model from stereo
images. The reconstructed model is then compared with the
original CAD model.

Kopsacheilis et al. [5] presented a 3D printing monitoring
system based on a depth camera. After every predefined num-
ber of printed layers, the printing process was interrupted and
a point cloud was acquired using the camera. The captured
point cloud was then compared with a reference point cloud
generated from the 3D model.

Montalti et al. [6] presented a method for post-process
quality control of parts manufactured by 3D printing using
a 3D scanner.

Fahmy et al. [7] developed a vision system for evaluating
the quality of 3D printing using cereal-based materials. The
system consisted of two cameras that enabled measurements of
the printed material tracks from both the top and side views.
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Delli and Chang [8] presented a print monitoring system
based on a single RGB camera and machine-learning algori-
thms. The camera was positioned above the build platform.
Images were captured during pauses in the printing process
after a predefined number of layers had been completed.

Faes et al. [9] used a laser triangulation method to measure
the height of a printed track. Their experimental setup con-
sisted of a digital microscope and a laser line projector. This
approach is similar to the method presented in this paper.
However, the image-processing algorithms used to determine
the height of individual measurement points differ. Further-
more, the authors did not provide information regarding
features such as compensation for variations in build platform
height or calibration procedures for the measurement system.

Although numerous vision-based monitoring systems for
additive manufacturing have been proposed, most of them
focus on defect detection, dimensional verification, or process
monitoring. Only a limited number of studies have addressed
the direct measurement of the volume of deposited material
tracks using low-cost laser triangulation systems integrated
with FDM printers. Therefore, this work proposes a dedicated
volumetric measurement system based on laser triangulation
and custom image-processing algorithms for material flow cali-
bration in pellet-fed FDM printing systems.

3. Selection of System Components

The research task began with the selection of appropriate com-
ponents for the construction of the scanner. The selection was
based on criteria such as component availability, documenta-
tion availability and a developed community, ease of integra-
tion with the printer control system, and affordable price. The
availability of documentation and the possibility of community
support were important to ensure that work on solving possible
hardware and software problems did not dominate the rese-
arch work itself. Price was important because the entire sys-
tem could not significantly increase the price of the printhead.

The Raspberry Pi 4B single-board computer (SBC) was
used as the computing platform. It is a minicomputer equ-
ipped with a 64-bit Quad-core Cortex-A72 (ARM v8) pro-
cessor clocked at 1.5 GHz [A4]. The one used in the project
has 4 GB of RAM. An important feature is the availability of
GPIO pins, which enable triggering individual actions using
binary signals from external devices. This enabled the system
to synchronize with the 3D printer controller board. Another
important feature is the availability of a CSI connector for
connecting a camera. Due to the popularity of the solution,
there are many compatible cameras available on the market.
They are usually small in size, which was important in the
described application. The SBC is running Raspberry Pi OS
based on Debian 11 (bullseye).

The Raspberry Pi HQ M12 Camera was chosen for image
acquisition. This is a device dedicated to cooperation with
Raspberry Pi SBCs. The 12.3 Mpx resolution allows for ade-
quate measurement resolution, even with a delimited ROI.
The camera is compatible with M12 format lenses, making the
whole setup more compact than when using the model with
CS-mount lenses. The camera was equipped with an Arducam
M2306ZM13 lens with a focal length of 8 mm and a viewing
angle of 50°.

The LD-G650A03 miniature laser line projector was used as
a light source. It is based on a laser diode that emits red light
(650 nm). The module is equipped with a knob that enables
adjustment of the distance at which the laser line is focused.
The 3-5 V supply voltage allows power to be supplied from
the voltage output on the Raspberry Pi pins.
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In order to limit the influence of external lighting on the
system measurement, it was necessary to use an optical fil-
ter that only transmits light with a wavelength close to the
laser wavelength. Due to the prices of professional filters with
a narrow bandwidth, it was decided to use a gel filter dedica-
ted to photography. A red filter was selected, the characteri-
stic of which, tested on a Schimadzu UV-2600i spectrometer,
is shown in Fig. 2.

4. Device Construction

As part of the research, a prototype of the device was made.
The prototype body was made as a 3D printed element. It has
mounting holes that allow the components to be mounted in
such a way that the plane of the camera matrix is tilted by 45°
relative to the plane of the laser. Since the camera is located
a short distance from the measured object, it was necessary
to slightly move the lens away from the sensor. This resulted
in a reduction in the minimum focusing distance. This effect
was achieved by screwing the lens only part way down the
thread. The lens position was secured by installing additional
M12x0.5 lock nuts.

A gel filter was mounted on the lens. The filter was fixed
using a 3D printed plastic ring. The ring was press-fitted onto
the end of the lens. The filter, in the form of a round piece of
stiff foil, is attached between the ring and the lens.

Since the computing unit was placed in the machine’s control
cabinet, it was located at a certain distance from the measu-

Fig. 3. An early version of the developed system - all components are
visible
Rys. 3. Wczesna wersja systemu — wszystkie elementy sg widoczne
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Fig. 2. Characteristic of the filter used
in the system

Rys. 2. Charakterystyka filtra uzytego

w systemie

ring system. Standard ribbon cables used to connect came-
ras to CSI connectors are several centimeters long. In order
to increase this distance, adapters were used, equipped with
a CSI socket on one side and an HDMI socket on the other.
They allow you to increase the distance between the SBC and
the camera using an standard HDMI cable.

The system was mounted next to the print head so that the
laser beam was in a direction perpendicular to the X axis of the
moving table. The early version of the system, without covers
is shown in Fig. 3.

5. Algorithms

As part of the project, an algorithm was created to determine
the shape of a single profile based on the recorded deforma-
tion of the laser line. Knowledge of profile’s shape and distance
between profiles allows to calculate elementary volume of each
profile. Distance between measured profiles is fixed in 3D prin-
ter control unit, which provides trigger signal for every camera
frame. Volume of measured object is calculated as a sum of
elementary volumes of profiles.

Profile calculation algorithm:

1. Image acquisition

2. Limiting the ROI of the image to the area containing the
analyzed object

3. Conversion between BGR and monochromatic image

. Undistorting

5. Creating an empty matrix with dimensions identical to the
dimensions of the image

6. For every column:

6.1. Assigning 0 as the temporary maximum value in
a column

6.2. For each pixel in the column, if its value is greater
than the temporary maximum value, the pixel value
is assigned to the temporary maximum value.

6.3. The average profile height in a given column is set to 0.

6.4. For each pixel in a column, if its value is greater than
or equal to the temporary maximum value minus 1, the
pixel position is included in the average profile height.

6.5. Average height is calculated based on the considered
pixel positions.

6.6. Height in pixels is converted to height in mm.

6.7. The average ground height calculated in the previous
algorithm call is subtracted from the current value to
compensate for ground unevenness. For the first algo-
rithm call, the average ground height is 0.

6.8. If the profile height does not exceed the threshold
value, the height is assumed to be 0. This allows for
noise elimination.

W~
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6.9. The elementary volume is calculated based on the
height. The millimeter-to-pixel conversion rates for
length and width are known.

6.10. The average ground height is calculated as the ave-
rage height of the points that do not exceed the thre-
shold value.

7. The profile volume is added to the volume of the measu-
red object.

In addition, more algorithms were used to calibrate the device.

Camera calibration was utilized to compensate for image
distortions resulting from camera manufacturing inaccuracies.
An algorithm from OpenCV library documentation [A5] was
chosen. A 6 x 4 square chessboard was used as the calibration
pattern. One square size was 3 mm x 3 mm. Such a small size
of the chessboard was necessary because the system is designed
to measure objects located a short distance from the camera.
Calibration was performed based on 25 images.

Fig. 4. The relationship between the height of the measured object and
the position of the line in the analyzed area of the camera sensor

Rys. 4. Zaleznos$¢ wysokosci mierzonego obiektu od potozenia linii

w analizowanym obszarze czujnika kamery

The next issue was to determine the relationship between
the position in the image (given in pixels) and the height of
a given profile point (in millimeters). Initially, it was planned
to determine the dependencies using polynomial interpolation.
This was to take into account possible nonlinearities resul-
ting from perspective. However, the measurements carried out
showed that on the scale of the developed system, the effects
resulting from perspective do not have a significant impact
and the determined dependence can be approximated as linear
(Fig. 4). According to that, only coefficients of straight line
were calculated.

Coefficients are calculated in the following way:

1. The image is acquired when there is no object in the measu-
rement space (the system measures an empty table).

2. A profile is determined from the image in the same way as
in the main algorithm.

3. The average position of the profile points in the Y
axis (in pixels) is taken as corresponding to a height of
Ommy, .

4. The image is acquired when a 2 mm high element is placed
on the table.

5. A profile is determined from the image in the same way as
in the main algorithm.

6. The average of the 10 highest values of the profile posi-
tion in the Y axis (in pixels) is taken as corresponding to
a height of 2 mm y, .
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7. A straight line is determined passing through the points
(0, Youy) a0d (2, ¥,,,,,)-

The last parameter determined during system calibration
is the millimeters per pixel conversion coefficient in the axis
parallel to the laser beam. It is determined by placing an object
2 mm high and 5 mm wide in the system’s field of view. A pro-
file is determined based on the image. Then the points on the
profile corresponding to the appropriate height are counted.
By dividing the 5 mm length by the number of pixels, the mil-
limeters per pixel conversion rate is determined.

For the system to work properly, it is necessary to perform
the following operations in the following order:

1. Internal calibration of camera
2. Straight line coefficients calculation
3. Millimeters per pixel conversion coefficient calcualtion

6. Implementation

The developed algorithms were implemented in C++ on the
Raspberry Pi 4B platform. The program utilized the follo-
wing libraries:

— OpenCV — image processing library,

— raspicam — library for communication with CSI camera,
— pigpio — library that allows to control GPIO,

— httplib — library for http communication.

The program provides two operation modes: automatic mode
and configuration mode.

Automatic mode is used for measurements in cooperation
with the printer controller board. In this mode, the program
is controlled by binary signals on the GPIO inputs. It allows
to coordinate program flow with printer movements. Three
digital inputs are used for control: start of measurement, trig-
gering of a single profile and end of measurement. Program’s
state machine consist of three states:

1. Standby state — the volume of the measured object is reset
to zero. The program waits for a high state on the pin
responsible for starting the measurement. If it appears, the
program goes to state 2.

2. Measurement state:

2.1. If a high state appears on the pin responsible for measu-
ring a single profile, the profile measurement algorithm
is executed. The volume of the measured object is incre-
ased by the measured profile elementary volume.

2.2. If a high state appears on the pin responsible for ending
the measurement, the program goes to state 3.

3. Measurement completion status — results are sent to the
printer driver via HT'TP protocol. Program goes to state 1.

The configuration mode allows to set system parameters using
the algorithms used in the previous chapter. Additionally, it
allows to preview both the recorded image and the generated
profile. An example image and a profile based on it are shown
in Fig. 5.

7. System Testing

In order to test the correct operation of the system, it was
necessary to use an object with known geometry. For this pur-
pose, a milled plate was used, which had a projection 5 mm
wide and 2 mm high. Thirty measurements were made at dif-
ferent locations along the length of the projection, each over
a distance of 10 mm. The theoretical volume for each measu-
rement was therefore 100 mm?®. The measurement results are
presented in Table 1.
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The maximum relative error of the results was 0.696 %.
The standard deviation was 0.3096. This accuracy was con-
sidered sufficient from the point of view of the application of
the system.

8. Conclusions

The developed system is capable of measuring the volume of
a single path from a 3D printer head using pellet. This proves

Table 1. Measurements of the volume
Tabela 1. Wyniki pomiaréw objetosci
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Fig. 5. Left: camera image;
right: profile generated from
the image

Rys. 5. Po lewej: obraz pozyskany
z kamery; po prawej: profil
wygenerowany na podstawie
obrazu

the possibility of using low-cost, widely available components
to develop a measurement system that replaces much more
expensive ready-made universal solutions in a given area. Cal-
culation of costs is shown in Table 2. For the comparison cost
of ready-made profile sensors exceeds 15,000 PLN net [AT7].

Further work should focus on modifying the system’s optics
so that a larger part of the camera sensor can be used. This
will improve the resolution of the system. To achieve this
goal, it is necessary to change the optics to one with higher
magnification.

Measurement number Measured volume [mm?] Measurement number Measured volume [mm?]
1 99.6338 16 100.313
2 99.9824 17 100.183
3 100.388 18 100.24
4 100.315 19 99.9765
5 100.2 20 99.9787
6 100.259 21 100.392
7 99.485 22 100.326
8 99.403 23 100.193
9 99.9781 24 100.283
10 100.409 25 99.9328
11 100.309 26 99.4135
12 100.247 27 99.9854
13 99.3036 28 100.406
14 99.9834 29 100.335
15 100.397 30 100.253

Table 2. System’s cost calculation [A6]
Tabela 2. Kalkulacja kosztéw system [A6]

Item Name

Cost [PLN net]

Single Board Computer Raspberry Pi 4B 4 GB RAM

405.69

Camera Raspberry Pi HQ M12 Camera

178.66

CSI Extender KAmodCSlextender

Line laser diode LD-G650A03 - Line

9.06

Sum

629.91




Laser-Based Volume Measurement System for Optimizing the 3D Printing Process

One problem is the shallow depth of field. It does not pose
any difficulties when analyzing thin tracks — the system there-
fore meets current needs. In a later stage of development, it
will be beneficial to change the mechanical structure of the
camera itself. The lens should be at an angle of less than 90°
to the sensor, as is usually done in triangulation sensors [1].
This will allow you to increase the measurement range.
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Laserowy system pomiaru objetosci dla optymalizacji procesu
druku 3D

Streszczenie: w artykule przedstawiono system pomiaru objetosci do kalibracji przeptywu
materiatu w gtowicy drukarki 3D pracujgcej w technologii FDM z wykorzystaniem granulatu. Aby
zapewniC wysokg precyzje druku, konieczne byto zaprojektowanie systemu pomiarowego zdolnego
do kalibracji przeptywu materiatu przez okreslenie objetosci Sciezki osadzonego materiatu. W tym
celu zastosowano metode triangulacji laserowej — optyczng, bezkontaktowg technike pomiaru
odlegtosci. Rozproszone swiatto lasera, skupione za pomocg soczewki, jest rzutowane na matryce
CCD lub CMOS. Potozenie wigzki laserowej na matrycy pozwala na precyzyjne obliczenie

odlegtosci do obiektu. Biorgc pod uwage wysoki koszt komercyjnych profilometréw laserowych

i zamknietg architekture tanich systemow oferowanych przez producentéw drukarek 3D, opracowano
niestandardowe rozwigzanie pomiarowe. Architektura systemu oparta jest na tanich i powszechnie
dostepnych materiatach. Opracowano dedykowany algorytm przetwarzania obrazu stuzacy do analizy
odksztatcen linii laserowej i konwersji danych profilowych na pomiary objetosciowe. System
wspotpracuje z jednostkg sterujgcg drukarki. Walidacje eksperymentalng przeprowadzono z uzyciem
obiektu odniesienia — obrobionej ptyty z elementem o znanych wymiarach. Wyniki potwierdzity
wysokg dokfadnos¢ pomiaru, z btedami rzedu kilku dziesigtych czesci milimetra szesciennego, co jest
wartoscig wystarczajgcg dla zamierzonego zastosowania.

Stowa kluczowe: triangulacja laserowa, pomiar laserowy, ekstruzja, druk 3D, granulat, FDM, czujnik profilu
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