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This study presents a preliminary image-based method for assessing the
quality of laser-engraved graphic elements on colored paperboard. Uncoated,
pulp-dyed paperboards in yellow, light blue, and black were engraved with a
CO; laser at three power settings. The samples were digitized using a flatbed
scanner and analyzed in Imagel with substrate-specific image channels and
automatic thresholding. Quality was assessed by measuring the dimensional
reproduction of line elements, the area and contour properties of positive
and negative geometric shapes, and the uniformity of larger engraved areas.
The results showed that engraved lines were consistently wider than their
nominal dimensions, with relative deviation rising markedly as nominal line
width decreased. The finest lines (0.25 pt) showed the largest dimension-

al errors and, in several cases, the greatest variability. Positive geometric
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elements generally increased in area, while lateral expansion of the engraved

region could reduce the preserved area of negative elements. Circularity

and perimeter measurements revealed contour changes that area measure-

ments alone did not always capture. Surface analysis also showed that the

response of normalized non-uniformity to laser power varied by paperboard

color. Overall, the findings demonstrate that line-width measurements, shape

descriptors, and normalized surface-uniformity parameters provide comple-

mentary information and support a multi-parameter approach to objectively

evaluating laser-engraving quality on colored paperboard.

KEY WORDS
Laser engraving, paperboard, image analysis, dimensional accuracy,
contour fidelity, surface uniformity

1. Introduction Laser technology in print finishing extends beyond com-
plete substrate separation. By precisely controlling the

Cutting is a fundamental print-finishing operation and laser—material interaction, the surface can be modified

an essential step in producing bookbinding and pack-
aging products. Mechanical cutting and die-cutting are
well-established methods for separating paper and
paperboard, while CO; laser cutting has emerged as a
digitally controlled alternative. Its non-contact opera-
tion, programmable tool path, and ability to reproduce
complex contours make it especially suitable for pro-
totypes, customized products, and short production
runs (Happonen et al., 2015; Pin¢jer, Miketi¢ & Tomic,
2022; Pin¢jer et al., 2023; Rosnan & Enomae, 2021).

locally or material removed to a shallow depth without
penetrating the full substrate thickness, enabling both
marking and engraving. This allows text, symbols, orna-
ments, and other visual elements to be created directly
on the substrate without applying printing ink (Pin¢jer,
Miketi¢ & Tomic¢, 2022; Stepanov et al., 2015; Xie et al.,
2020). In graphic products, engraved elements may
serve identification, visual or combined functions. For
machine-readable symbols, successful detection and
decoding provide functional criteria for quality assess-
ment (Matuszczyk and Weichert, 2023). Text, logos, and
decorative motifs require broader evaluation, including
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shape fidelity, fine-detail reproduction, contrast, and
edge definition. Tonal relationships and overall visual
fidelity are also relevant when assessing ornamental
laser engravings (Lungu, Georgescu & Cosereanu, 2025).

The quality of laser engraving has been evaluated using
various approaches, depending on the material and the
intended function of the processed surface. Some meth-
ods focus on surface topography and roughness (Kazu-
kauskas et al., 2024; Sdenz-Nufio et al., 2025), whereas
others characterize laser-induced geometric or colori-
metric changes (Nguyen-Thi-Ngoc & Dang, 2023; Ste-
panov et al., 2010, 2011). Although these measurements
objectively describe surface texture, feature dimensions
or color change, each captures only one aspect of quality
and does not directly indicate whether a graphic element
has preserved its intended contour, area, and fine details.
Digital image processing has been used to quantify
grayscale changes and engraving intensity, distinguish
defective from defect-free laser-processed surfaces, and
segment visible laser-affected regions on paper (Kasim et
al., 2025; Rosnan et al., 2022; Zhang et al., 2021). These
applications demonstrate the potential of image-based
quality assessment, but they address individual indica-
tors rather than the overall quality of engraved graphic
elements. Colored paperboards present an additional
challenge because their initial color and texture, together
with differences in fiber structure, fillers and coatings can
affect both the laser—material interaction and the appear-
ance recorded in the image (Pinéjer, Miketi¢ & Tomic,
2022; Stepanov et al., 2010, 2011, 2015). The aim of this
study is therefore to propose and test a methodological
approach based on the digital analysis of scanned images
in ImageJ for quality control of laser-engraved elements
on paperboards of different colors. The approach focuses
on contour quality, reproduction of small graphic ele-
ments, and uniformity of larger engraved areas. It also
examines whether these characteristics can be com-
pared consistently across substrates and laser settings.

2. Methods

2.1. Paperboard samples

For this investigation, an uncoated, pulp-dyed paper-
board was selected with a basis weight of 220 g/m? (Fa
Colore, Fabriano, Italy). The paperboard was made from
100% ECF pulp and dyed throughout to achieve a solid,
homogeneous color with high fade resistance. Because
of its natural, uniform surface, this paperboard suits a
wide range of graphic products, including invitations,
greeting cards, menus, brochures, book covers, leaflets,
and similar applications. Three paperboard colors were
selected for the present investigation: yellow, light blue
and black. Their CIELAB color coordinates were previously
measured using a Techkon SpectroDens spectropho-

tometer with white backing, D50 illuminant and a 2°
standard observer. Table 1 presents the measured values.

Table 1

CIELAB values of selected paperboard samples

Colour Code name L* a* b*

Yellow Giallo 90.08 4.60 86.26
Light blue Azzurro 59.86 -27.48 -3718

Black Nero 24.35 -0.77 -2.59

2.2.Laser engraving test elements

The paperboard samples were engraved with a Trotec
Speedy 300 CO;, laser system (Trotec, Marchtrenk,
Austria) at three power settings: 55%, 60%, and 65%,
designated Laser 1, Laser 2, and Laser 3, respectively.
These settings were selected to assess how increasing
laser power affects the reproduction of fine graphic
elements and the uniformity of larger engraved areas.
The laser operated at a wavelength of 10.6 um, and
the engraving speed was set to 30% of the system’s
maximum speed, as defined in the JobControl soft-
ware. The laser head’s movement in the XY plane was
controlled using JobControl software (version 11.1.1).

For this study, a simple test form was designed to include
line elements, positive and negative geometric shapes,
and a larger solid engraved area. Four nominal line
widths were used: 1, 0.75, 0.5, and 0.25 pt, corresponding
to approximately 0.353, 0.265, 0.176, and 0.088 mm,
respectively. Horizontal and vertical lines were included
to assess potential directional effects. The geometric
test elements comprised circles with a nominal diam-
eter of 10 mm and squares with a nominal side length
of 10 mm, each in positive and negative versions. For

the positive elements, the area within the shape was
engraved. For the negative elements, the surrounding
area was engraved while the shape itself remained
untreated. This configuration allowed evaluation of
laser-modified boundary displacement on both sides of
the nominal contour. The large surrounding engraved
area was also used to assess engraving uniformity.

2.3.Image acquisition

To maintain fixed imaging geometry and consistent
illumination across samples, the engraved paperboard
samples were digitized with a Canon CanoScan 5600F
flatbed scanner at 1200 spi. Images were acquired

in the sRGB color space (IEC 61966-2-1), with auto-
matic brightness, contrast, sharpening, and other
image-enhancement functions disabled. All images
were saved in TIFF format without lossy compression.
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» Figure 1: Representative image-preprocessing workflow for yellow (a), light-blue (b), and black (c) paperboards:
original RGB scans (1), selected analysis channels (Il), and binary masks obtained using Huang’s automatic

thresholding method (I11)

Colored paperboards require substrate-specific prepro-
cessing because their original color, texture, and surface
structure affect the recorded intensity distribution
(Stepanov et al., 2010, 2011, 2015). Accordingly, the RGB
channels of each paperboard were examined separately
in Imagel. The blue channel provided the clearest sepa-
ration between engraved and untreated regions on the
vellow paperboard (Figure 1a-ll), whereas the red channel
was selected for the light-blue and black paperboards
(Figure 1b-1l and 1c_lI). The selected channel images were
saved as grayscale, 8-bit TIFF files, while their copies
were segmented using Huang’s automatic thresholding
method to create binary masks for subsequent geomet-
ric measurements. The original grayscale images were
retained to assess uniformity within larger engraved
areas. Channel selection was intended to improve bound-
ary definition and identify spatial variations within the
engraved regions. The resulting grayscale values were
used solely as image-analysis data and were not inter-
preted as colorimetric measures of perceived contrast.

2.4.Digital image analysis

Image analysis was performed using ImageJ (ver-
sion 1.53). Three groups of characteristics were
evaluated: line reproduction, geometrical shape
reproduction and engraved-surface uniformity.
2.4.1. Line-width measurements

The width of each engraved line was measured man-
ually using a linear region of interest (ROI) positioned
perpendicular to the stroke. Vertical measurement ROls
were used for horizontal lines, and horizontal ROls for
vertical lines. For each nominal line width and laser set-
ting, 40 measurements were taken: 20 from horizontal
lines and 20 from vertical lines. After spatial calibration,
all measurements were recorded in millimeters. The
mean line width (w__ ), standard deviation (SD), and
coefficient of variation (CV) were calculated for each
nominal width, line orientation and laser setting.

The line width deviation (Aw) from the nomi-
nal line width (w was calculated as (1):

numina\)
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while the relative line-width increase
was calculated as (2):

Positive values indicate that the engraved line is
wider than its nominal width, while negative values
indicate that it is narrower. These parameters cap-
ture both systematic dimensional deviations and
local variability in the reproduced line width.

2.4.2. Geometrical analysis of circles and squares

Positive and negative geometric elements were segment-
ed from the selected image channels and analyzed using
Imagel shape descriptors. The analysis focused on area
and perimeter for both circles and squares, while circu-
larity was additionally evaluated for circular elements as
an indicator of contour regularity. Measured areas were
compared with the corresponding nominal values. The
nominal area was 100 mm? for a square with a side length
of 10 mm and 78.54 mm? for a circle with a diameter of
10 mm. Relative area deviation was calculated as (3):

Positive and negative elements were evaluated
separately. For positive elements, expanding the
laser-modified region increases the measured dimen-
sions and area. For negative elements, expanding

the engraved surrounding region reduces the dimen-
sions and area of the preserved, untreated shape.

2.4.3. Evaluation of engraved-surface uniformity

Engraved-surface uniformity was evaluated across
the entire solid engraved area. Ten square ROls mea-
suring 5 x 5 mm were placed at predefined positions
within the engraved region. The same ROl arrange-
ment was used for all samples. For each ROI, the
mean gray value (MGV,) and the corresponding stan-
dard deviation (SD ) were calculated. A reference
mean gray value (MGV____ ) was obtained from the
untreated area of the same paperboard sample.

Because different image channels were selected for
the three paperboard colors, raw grayscale variability
was normalized relative to the grayscale change caused
by engraving. A normalized local nonuniformity index
(NU) was calculated for each engraved ROI using (4):

For each laser setting the mean normalized nonuni-
formity and its standard deviation were calculated

from the ten ROl values. A higher (NU) value indi-
cates greater local grayscale variation within the
engraved area relative to the grayscale difference
between the engraved and untreated regions.

3. Results and discussion

The quality of laser engraving was evaluated through four
complementary aspects: dimensional reproduction of
line elements, dimensional accuracy of positive and nega-
tive geometrical shapes, preservation of shape geometry
and uniformity of larger engraved areas. This approach
enabled assessment of the influence of laser settings not
only on overall dimensional changes, but also on local
variability, contour integrity, and surface homogeneity.

3.1. Reproduction of line elements

The relationship between nominal and measured line
width for the three paperboards is presented in Figures
2a—c. In all cases, the measured line width exceeded
the nominal value, indicating a systematic widening

of the laser-modified region. However, the magni-

tude of this deviation depended strongly on both the
nominal line width and the applied laser setting.

For the yellow paperboard (Figure 2a), line widening
increased with laser intensity. The effect was relative-

ly modest for the widest 1 pt (0.353 mm) lines, which
measured 14—-25% wider than nominal, but became
considerably more pronounced as the nominal width
decreased. For the finest 0.25 pt (0.088 mm) lines,

the relative increase ranged from approximately 76%

to more than 130%, depending on the laser setting. A
similar relationship between nominal width and relative
dimensional error was observed for the black paperboard
(Figure 2c). The widest 1 pt (0.353 mm) lines showed

a comparatively limited increase, whereas the 0.25 pt
(0.088 mm) lines were more than twice as wide as their
nominal dimensions under all three laser settings. The
increase became progressively greater at higher laser
settings, reaching approximately 138% at the highest
setting. The light-blue paperboard also exhibited widen-
ing of all investigated line elements (Figure 2b). However,
unlike the more regular trends observed for the yellow
and black samples, the change in measured width with
increasing laser setting was not strictly monotonic.
Nevertheless, the effect of nominal line width remained
evident: the relative dimensional deviation increased
substantially as the designed line became thinner. The
different response observed for the light-blue paper-
board might also be partly affected by its lower gray-
scale contrast in the selected analysis channel, which
could reduce edge visibility and increase uncertainty in
the manual positioning of line-width measurements.
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(c)

» Figure 2: Line width reproduction - nominal versus
measured line width for yellow (a), light-blue (b)
and black (c) paperboards, respectively. Error bars
represent £1 5D

The relative increase in line width for all three paper-
boards is shown in Figures 3a—c. These results further
underscore the engraving process's increasing sensitivity
as the nominal line width decreases. Although the rel-
ative dimensional change remained relatively small for
the widest elements, it increased substantially for the
finest lines, particularly at a nominal width of 0.25 pt.

The error bars in Figures 2a—c and 3a—c represent +1
standard deviation, providing additional information
about the local repeatability of line reproduction.
For the wider 1 pt lines, coefficients of variation were
generally low, indicating relatively consistent repro-
duction along the measured segments. Relative vari-

ability tended to increase as nominal width decreased.
This was especially evident for the 0.25 pt elements,
where CV values reached approximately 9-15%,
depending on the paperboard and laser settings.

(c)

» Figure 3: Relative line-width increase for yellow (a),
light-blue (b) and black (c) paperboards, respectively.
Error bars represent +1 SD

Analyzing dimensional deviation alongside CV is import-
ant because the two parameters describe different
aspects of reproduction quality. A line may show a sub-
stantial systematic increase in width while maintaining
a relatively low CV, indicating consistent widening along
the engraved element. Conversely, a high CV indicates
greater local variation in line width and, consequently,
lower dimensional uniformity. The pronounced relative
error observed for the finest lines can be explained

by the lateral extension of the laser-modified zone
beyond the nominal graphic boundary. Even a small
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absolute lateral expansion accounts for only a minor
fraction of a wide element but becomes a substan-

tial proportion of the nominal dimension when very
thin elements are engraved. Therefore, the smallest
nominal line widths are inherently more sensitive to
the characteristics of the laser—material interaction.

This finding aligns with Lei et al. (2020), who demon-
strated that laser engraving quality on paper depends
on both laser intensity and the preset width of the
engraved marks. A comparable effect of increased energy
input on the lateral dimensions of laser-treated zones
has also been reported for other lignocellulosic mate-
rials, where higher laser power resulted in increased
kerf width (Stefancin et al., 2026). The present results
therefore confirm that nominal element width should
be considered alongside laser parameters when eval-
uating the reproducibility of fine graphic details.

3.2.Dimensional reproduction
of geometrical shapes

The relative area deviation of positive and nega-
tive circles and squares for the three paperboards
is presented in Figures 4a—c. The results indicate
that the dimensional response of each geomet-
ric element depended on whether the analyzed
shape represented the engraved region itself or
an unengraved area enclosed by engraving.

For the yellow paperboard (Figure 4a), positive circles
and squares generally exhibited areas larger than their
nominal dimensions. The increase was relatively small
compared with that observed for the finest line ele-
ments, typically remaining within a few percent of the
nominal area. Negative elements remained closer to their
nominal dimensions, with the negative square showing a
slight reduction in area. A similar behavior was observed
for the light-blue paperboard (Figure 4b), while positive
elements generally exhibited a positive area deviation,
whereas the dimensional response of the negative ele-
ments was smaller and less regular. In particular, the neg-
ative circle showed a tendency toward decreasing area as
the laser setting increased. For the black paperboard (Fig-
ure 4c), positive circles and squares again showed areas
larger than the corresponding nominal values. In con-
trast, the negative square exhibited a gradual reduction in
area with increasing laser treatment, while the negative
circle remained comparatively close to its nominal size.
Overall, positive circles and squares generally exhibited
areas larger than their nominal dimensions. The increase
was relatively small compared with that observed for the
finest line elements, typically remaining within a few per-
cent of the nominal area. Nevertheless, the direction of
the deviation was consistent with the widening observed
for the line structures. The behavior of negative elements
was different in geometrical terms. Since the region sur-
rounding the shape was engraved, lateral extension of

(c)

» Figure 4: Relative area deviation of positive and
negative circles and squares for yellow (a), light-blue
(b), and black (c) paperboards

the laser-modified area occurred towards the interior of
the unengraved element. Consequently, the preserved
negative area tended to decrease. This effect was partic-
ularly evident for some of the negative square elements,
where increasing laser treatment was accompanied by

a gradual reduction in measured area. Positive and neg-
ative elements should therefore not be interpreted as
showing different physical responses to laser treatment.
Both behaviors arise from the same lateral expansion

of the laser-affected region. The apparent difference
results solely from the position of the analyzed contour:
outward expansion increases the area of a positive
engraving, while inward expansion reduces the remain-
ing area of a negative element. The area measurements
further indicate that the dimensional effect observed
for isolated lines also extends to more complex closed
geometries. However, the relatively small changes in total
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area compared with the more pronounced variations in
some contour descriptors demonstrate that area alone
is not sufficient to characterize reproduction quality.

3.3. Preservation of shape geometry

Circularity was used to assess how well the circular
geometry was preserved. The results for the yellow,
light-blue, and black paperboards are shown in Figures
5a—c, respectively. Unlike area, which mainly reflects an
element’s overall size, circularity is strongly affected by
contour irregularities because it depends on perimeter.

(c)

» Figure 5: Circularity of positive and negative circular
elements for yellow (a), light-blue (b), and black (c)
paperboards

For the yellow paperboard (Figure 5a), the positive
circle's circularity increased slightly with laser setting,
whereas the negative circle's circularity decreased mark-
edly. This suggests that the negative element's contour
became progressively less regular despite relatively limit-
ed changes in its total area. For the light-blue paperboard
(Figure 5b), changes in circularity were less monotonic.
Both positive and negative circles varied across the

three laser settings, indicating that contour response
was not governed solely by increasing laser intensity.

For the black paperboard (Figure 5c), the positive cir-

cle showed its highest circularity at the intermediate
laser setting, whereas the negative circle's circularity
decreased markedly with increasing laser treatment.

The results show that relatively small changes in mea-
sured area can be accompanied by much larger changes
in circularity. This was particularly evident for several
negative circular elements, where the area remained
close to the nominal value while circularity decreased
with increasing laser treatment. This behavior indicates
that stronger laser treatment may affect the local con-
tour without necessarily producing an equivalent change
in total element area. Local protrusions, recesses, fiber
removal and boundary irregularities increase the mea-
sured perimeter and consequently reduce circularity.
For example, the negative circles on both the yellow
and black paperboards showed a marked reduction

in circularity as the laser setting increased, whereas
their total areas changed considerably less. The results
therefore demonstrate the importance of separating
dimensional accuracy from contour fidelity. The same
interpretation is supported by perimeter measurements
of the square elements. In some cases, the measured
perimeter increased despite only minor changes in total
area, suggesting that the contour became geometrically
more complex rather than simply larger or smaller. This
behavior is consistent with the heterogeneous nature of
paper-based materials. Schechtel et al. (2016) demon-
strated that laser processing of paper is influenced by
both the composition of the paper matrix and the inher-
ent cellulose fibers. Local differences in fiber arrange-
ment and material composition may therefore result

in non-uniform material removal along the engraved
boundary, contributing to contour irregularity. Accord-
ingly, area, perimeter, and circularity should be viewed
as complementary parameters. Area indicates overall
changes in size, whereas perimeter and circularity are
more sensitive to local changes in boundary quality.

3.4.Uniformity of the
engraved surface

The normalized non-uniformity index was used to
characterize local grayscale variation within the larg-
er engraved areas. The results for the three paper-
boards, expressed as mean normalized non-uni-
formity 1 SD, are presented in Figures 6a—c.



GRID 2026 - Proceedings

(c)

» Figure 6: Normalized non-uniformity of engraved
surfaces for yellow (a), light-blue (b), and black (c)
paperboards. Values represent the mean of ten
analyzed ROIs 1 SD

For the yellow paperboard (Figure 6a), normalized
non-uniformity increased progressively with increasing
laser setting, from approximately 13% to 19%. In paral-
lel, the coefficient of variation increased at the highest
setting, indicating that the stronger laser treatment was
associated not only with greater local tonal variation
but also with less consistent surface behavior among
the analyzed regions. The light-blue paperboard (Fig-
ure 6b) also showed an increase in mean normalized
non-uniformity with increasing laser setting, although

the magnitude of the change was smaller. The CV varied
between the three settings, indicating that spatial vari-
ability did not follow a strictly monotonic trend. In con-
trast, the black paperboard (Figure 6c) exhibited highly
similar normalized non-uniformity values under all three
laser settings, with mean values close to 15%. The corre-
sponding CV values remained low, approximately 3—4%,
indicating relatively stable local surface characteristics
throughout the analyzed engraved region. For the light-
blue paperboard, the lower grayscale contrast between
engraved and untreated regions might also influence
the normalized non-uniformity values, since a smaller
engraved-to-reference intensity difference increases the
sensitivity of the index to local grayscale variations.

These findings demonstrate that surface uniformity does
not necessarily respond to laser treatment in the same
manner as dimensional reproduction. A laser setting that
produces a greater change in line width or contour geom-
etry does not automatically result in a proportionally
greater degree of surface non-uniformity. The normal-
ized index is particularly useful in this context because
the standard deviation of grayscale values is interpreted
relative to the tonal difference between the engraved
and unengraved reference areas. Consequently, the
parameter describes local variation within the engraved
surface rather than its absolute brightness. The use of
grayscale variability as an indicator of surface uniformity
has methodological parallels in previous image-analysis
studies. Kennedy and Niebergall (1997), for example,
used standard deviations of optical measurements

to assess coating uniformity. The observed variations
can also be related to the heterogeneous structure of
paperboard. Local differences in fiber distribution, fill-
ers, pigments and surface structure may influence the
extent of material removal and thermal modification
within the laser-treated area (Schechtel et al., 2016).

4. Conclusions

The results demonstrate that laser engraving qual-
ity on colored paperboard cannot be adequately
characterized by a single image-analysis parameter.
Dimensional accuracy, local repeatability, contour
fidelity and surface uniformity describe comple-
mentary aspects of engraving quality and may
respond differently to changes in laser settings.

Across all investigated paperboards, engraved line
widths exceeded their nominal values, indicating con-
sistent lateral expansion of the laser-modified zone.
This effect became more pronounced as nominal line
width decreased. The largest relative deviations and,

in several cases, the highest coefficients of variation
occurred in the finest 0.25 pt (0.088 mm) lines, making
very thin graphic elements the most critical features
for dimensional reproduction. Analysis of positive and
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negative geometric elements confirmed that both were
affected by the same lateral expansion, although the
dimensional impact depended on the location of the
analyzed boundary. Positive elements generally increased
in area, while expansion of the engraved surroundings
could reduce the preserved area of negative elements.
Circularity and perimeter offered further insight into
contour fidelity, revealing boundary irregularities that
were not necessarily evident in total-area changes.

The normalized non-uniformity index provided com-
plementary information about spatial variations within
larger engraved areas. Its response to increasing laser
power varied among the investigated paperboards and
did not necessarily align with trends in dimensional
reproduction. These findings further underscore the
need to assess dimensional and surface-related charac-
teristics separately when evaluating engraving quality.

Overall, combining line-width measurements, shape
descriptors, and normalized surface-uniformity
analysis offers a useful image-based framework for
objectively assessing laser-engraved paperboard.
Instead of relying on a single quality indicator, this
approach allows different aspects of reproduction
quality to be evaluated together and may help define
material-specific engraving conditions and mini-
mum reproducible graphic-element dimensions.

Future work should include a broader range of paper-
board types and colors, repeat engraving trials inde-
pendently, and conduct additional analysis of color and
visual contrast between engraved and non-engraved
areas. In particular, the possible influence of image con-
trast on edge localization and normalized surface-unifor-
mity measurements should be investigated to distinguish
material-related effects from image-analysis sensitivity.

5. Acknowledgments

This research has been supported by the Ministry
of Science, Technological Development and Inno-
vation (Contract No. 451-03-34/2026-03/200156)
and the Faculty of Technical Sciences, University

of Novi Sad through project “Scientific and Artistic
Research Work of Researchers in Teaching and Asso-
ciate Positions at the Faculty of Technical Sciences,
University of Novi Sad 2026” (No. 01-3609/1).

6. References

Happonen, A., Stepanov, A, Piili, H. and Salminen, A.
(2015) ‘Innovation study for laser cutting of complex
geometries with paper materials’, Physics Procedia,
78, pp. 128-137. DOI:

Kasim, M.S., Muhammad, A., Yusof, S.N.A., Awang, R.,

Mat Rasul, R., Wan Mohamad, W.N.F., Izamshah,
R. and Ginting, A. (2025) ‘Determining optimal
laser engraving conditions for high-contrast and
well-defined engraving on Kapur wood (Dryobal-
anops) using Image)’, The International Journal
of Advanced Manufacturing Technology, 141, pp.

397-410. DOI:

Kazukauskas, E., Butkus, S., Jukna, V. and Paip-
ulas, D. (2024) ‘Surface roughness control in
deep engraving of fused silica using femtosec-
ond laser ablation’, Surfaces and Interfaces, 50,
104471. DOI:

Kennedy, J.P. and Niebergall, P.J. (1997) ‘Preliminary
assessment of an image analysis method for the
evaluation of pharmaceutical coatings’, Pharma-
ceutical Development and Technology, 2(3), pp.
205-212. DOI:

Lei, X., Liu, S., Wu, N., Ge, Y., Hou, H. and Liu, P.

(2020) ‘Experimental investigation of laser
engraving quality on paper’, Applied Optics,
59(8), pp. 2416-2421. DOI:

Lungu, A., Georgescu, S.V. and Cosereanu, C.
(2025) ‘Color-based laser engraving of heri-
tage textile motifs on wood’, Applied Sciences,
15(24), 12900. DOI:

Matuszczyk, D. and Weichert, F. (2023) ‘Reading
direct-part marking Data Matrix code in the con-
text of polymer-based additive manufacturing’,
Sensors, 23(3), 1619. DOI:

Nguyen-Thi-Ngoc, H. and Dang, T-V. (2023) ‘Opti-
mization of process parameters for wood laser
engraving based on Taguchi method approach’,
MM Science Journal, October 2023, pp. 6723-6729.
DOI:

Pincjer, I., Miketi¢, N. and Tomi¢, I. (2022) ‘Cutting with
laser in postpress’. In: Vladi¢, G. (ed.) Proceedings
of the 11th International Symposium on Graphic
Engineering and Design, GRID 2022, 3—5 November
2022, Novi Sad, Serbia. Novi Sad: Faculty of Technical
Sciences, Department of Graphic Engineering and
Design, pp. 671-676. DOI:

Pincjer, 1., Miketi¢, N., Gvoic, V., Marici¢, K., Vukeli¢,

D. and Prica, M. (2023) ‘Optimization of tensile
strength in the paper material cutting process
based on CO; laser process parameters’, Mate-
rials, 16(7), 2719. DOI:

Rosnan, S.M. and Enomae, T. (2021) ‘The art of gift-giv-
ing: Laser cutting as a value-added technology for
fabricating customized biodegradable packaging’. In:
Proceedings of IS&T Printing for Fabrication 2021:
International Conference on Digital Printing Technol-
ogies (NIP37), 11-12 October 2021, online. Springfield,
VA: Society for Imaging Science and Technology, pp.
69-72. DOI:


https://www.sciencedirect.com/science/article/pii/S1875389215015151
https://link.springer.com/article/10.1007/s00170-025-16670-w
https://www.sciencedirect.com/science/article/pii/S246802302400628X
https://www.tandfonline.com/doi/abs/10.3109/10837459709031440
https://opg.optica.org/ao/abstract.cfm?uri=ao-59-8-2416
https://www.mdpi.com/2076-3417/15/24/12900
https://www.mdpi.com/1424-8220/23/3/1619
https://www.mmscience.eu/journal/issues/october-2023/articles/optimization-of-process-parameters-for-wood-laser-engraving-based-on-taguchi-method-approach
https://www.grid.uns.ac.rs/symposium/download/2022/73.pdf
https://www.mdpi.com/1996-1944/16/7/2719
https://www.semanticscholar.org/paper/The-Art-of-Gift-Giving%3A-Laser-Cutting-as-a-for-Rosnan-Enomae/3376be88f66cfb670ec841f747ef9c8dffceed6b

GRID 2026 - Proceedings

Rosnan, S.M., Kong, P,, Enomae, T. and Nakagawa-lzumi,
A. (2022) ‘Image analysis of heat-affected zone of
laser-cut heat-resistant paper using Otsu threshold-
ing technique’, International Journal of Advanced
Computer Science and Applications, 13(4), pp.

41-48. DOI:

Sdenz-Nufio, M.A., Puente, C. and Rubio, E.M. (2025)
‘The characterization of surface texture in laser
bamboo engraving: A metrological approach’, Coat-
ings, 15(6), 624. DOI: 10.3390/coatings15060624.

Schechtel, F,, Reg, Y., Zimmermann, M., Stocker, T., Knorr,
F., Mann, V., Roth, S. and Schmidt, M. (2016) ‘Pulsed
laser processing of paper materials’, Physics Procedia,
83, pp. 46-52. DOI:

Stefancin, L., Igaz, R., Adam¢ik, L., Ruziak, I.,

Kubovsky, I. and Kminiak, R. (2026) <Effects of
CO; laser cutting parameters on kerf width in
native wood species», BioResources, 21(3), pp.
6463-6481. DOI:

Stepanov, A., Piili, H. and Salminen, A. (2010) ‘Color
change in laser cutting of paper material’. In: Proceed-
ings of the 29th International Congress on Applications
of Lasers and Electro-Optics, ICALEO 2010, 26—30
September 2010, Anaheim, California, USA. Laser Insti-
tute of America, paper P139. DOI:

Stepanov, A., Piili, H., Saukkonen, E. and Salminen, A.
(2011) “Effect of linear cutting energy on coloration of
paper in laser cutting of paper material’. In: Proceed-
ings of the 30th International Congress on Applica-
tions of Lasers and Electro-Optics, ICALEO 2011, 23-27
October 2011, Orlando, Florida, USA. Laser Institute
of America, pp. 71-79. DOI:

Stepanov, A., Saukkonen, E. and Piili, H. (2015)
‘Possibilities of laser processing of paper
materials’, Physics Procedia, 78, pp. 138-146.

DOI:

Xie, L., Chen, X,, Yan, H., Xie, H. and Lin, Z.
(2020) ‘Experimental research on the techni-
cal parameters of laser engraving’, Journal of
Physics: Conference Series, 1646(1), 012091.
DOI:

Zhang, J., Li, Z., Hao, R., Wang, X., Du, X., Yan, B., Ni,

G., Liu, J., Liu, L. and Liu, Y. (2021) ‘Classification of
microscopic laser engraving surface defect images
based on transfer learning method’, Electronics,
10(16), 1993. DOI:

© 2026 Authors. Published by the University of Novi Sad, Faculty of Technical Sciences, Department of Graphic Engi-
neering and Design. This article is an open access article distributed under the terms and conditions of the Creative
Commons Attribution license 4.0 Serbia (http://creativecommons.org/licenses/by/4.0/rs/).


https://thesai.org/Publications/ViewPaper?Volume=13&Issue=4&Code=IJACSA&SerialNo=5
https://www.sciencedirect.com/science/article/pii/S1875389216301134
https://bioresources.cnr.ncsu.edu/resources/effects-of-co2-laser-cutting-parameters-on-kerf-width-in-native-wood-species/
https://pubs.aip.org/lia/icaleo/proceedings-abstract/ICALEO2010/2010/1394/399880
https://pubs.aip.org/lia/icaleo/proceedings-abstract/ICALEO2011/2011/71/1002826
https://www.semanticscholar.org/paper/Possibilities-of-Laser-Processing-of-Paper-Stepanov-Saukkonen/66c99cc3193194d7593fa967f70779cd77532dd2
https://iopscience.iop.org/article/10.1088/1742-6596/1646/1/012091
https://www.mdpi.com/2079-9292/10/16/1993

