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Abstract: This paper examined the surface morphology of maple and beech cut through by CO2 laser
under different angles relative to the wood grain: 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, and 90◦. In the analysis,
stylus measurements, stereo-microscopic images, and chemical changes were considered. Laser
uncovers more wood anatomical details, with enhanced clarity, when the cutting transitions from
along the grain to across the grain. This is particularly noticeable in the earlywood and is more
pronounced in maple compared to beech. The first tissue of earlywood was deeply ablated by the
laser, leading to a wavy anatomical pattern, which is more visible for higher angles of laser cutting in
relation to the wood grain. The anatomical structure of beech was more affected by carbonization
in comparison to maple and had a significantly higher core roughness, Rk. For both species, the
worst surface roughness occurred when cutting at 15◦. In maple, the laser caused more degradation
of the polysaccharides compared to beech, and this impact was particularly noticeable parallel to
the grain rather than at a 90◦ angle. The degradation of hemicelluloses occurred in parallel with
more advanced cellulose degradation for beech compared to maple and for cutting along the grain
compared to across the grain. Structural changes in lignin, such as condensation processes, were
observed for both species.

Keywords: surface morphology; surface roughness; CO2 laser cutting; maple; beech; grain angle;
microscopy; chemical changes

1. Introduction

CO2 lasers are the most suitable lasers for cutting wood because wood has a low
thermal conductivity and can absorb electromagnetic energy of a 10.6 µm wavelength [1].
However, because wood is an anisotropic material, it presents some challenges when cut
by laser due to, among many other factors, the variability between wood species and
their different anatomies and chemical composition, or the different cutting directions
with regard to the wood grain [2–9]. A review of the parameters that influence wood
cutting by a CO2 laser was provided by Martínez-Conde et al. [1], who included the
following parameters: the laser processing parameters (the laser power, the laser feed
speed, optical adjustments, gas jet system, and pressure); the wood properties (optical
properties, moisture content, density, and material thickness), and the result on the final
surface (surface roughness, cutting kerf, and heat affected zone).

Another topic of interest was the chemical changes that occur in wood as a result of
laser treatment. In [10], the authors studied the chemical changes in beech wood engraved
by different CO2 laser irradiation doses and concluded that polysaccharide structures are
modified considerably when the irradiation dose increases. They reported the degradation
of hemicelluloses, together with decarboxylation (mainly deacetylation) and bond cleavage
in lignin. These modifications were also confirmed by other studies, such as Kubovsky and
Kačík on lime [11]; Kubovsky et al. on maple, beech, and lime [12]; Kúdela et al. on oak [8];
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Kúdela et al. on spruce on engraved surfaces [6]; and Gurău et al. on maple cut through by
CO2 laser [5]. The magnitude of these chemical changes is species-dependent [8].

The chemical changes in the wood composition and structure of its main chemical
components can be revealed by the changes in the infrared (IR) spectra. These highlight
the selective absorption of IR radiation, which corresponds to the energy associated with
the specific vibration modes of different chemical bonds, functional groups, and other
specific chemical features of the organic compounds. Fourier-transform infrared spec-
troscopy (FTIR) was, therefore, frequently employed to highlight and compare the chemical
changes brought about by the laser processing of wood surfaces of various wood species
(e.g., [10–12]).

CO2 laser is increasingly used for wood surface treatment, not only for engraving or
cutting, but also to achieve specific changes in surface properties, especially those regarding
the wood’s morphology and color [6].

The energy of the laser beam is absorbed in wood, causing the sublimation of a thin
surface layer, producing structural changes in wood, material melting, and the formation
of a carbonized layer [7]. The higher the laser power, the higher the heat affecting the
wood, leading to enhanced melting, vaporization, and the removal of wood material [8,13].
The thickness of the sublimated layer and the changes in the wood surface structure
depend on the species and its structural heterogeneity [6,14]. The heat-affected wood zone,
among other factors, depends on the wood species, earlywood and latewood zones, cutting
direction in relation to the wood grain, and the laser processing parameters [8,13–15].

Some authors acknowledged the presence of a wood reaction, characterized by anatom-
ical waviness, especially when the wood is cut across the grain. Adamčík et al. [2] have cut
spruce, beech, and oak using a CO2 laser and examined the surface quality when the wood
was cut at a 90◦ angle to the grain. They suggested that the surface morphology should be
best described by the primary profile parameters, which include surface roughness and
the particular earlywood/latewood waviness, with the latter being caused by a deeper
ablation of the earlywood. They found that spruce had the highest anatomical waviness
after laser cutting; this result was attributed to the greater density difference between the
earlywood/latewood among the studied species. Similar observations about the occurrence
of earlywood/latewood waviness were made by other researchers, such as Guo et al. on
the surface of pine [16], Gurău et al. on larch [17], and Gurău et al. on maple cut through by
CO2 laser [5]. Kúdela et al. [14] reported a similar phenomenon for the surfaces of spruce,
beech, and oak processed by engraving with a CO2 laser. A study by Li et al. on poplar [18]
also found similar results. As far as the surface roughness is concerned, Kúdela et al. [19]
measured the parameters Ra, Rz, and RSm on beech wood engraved with a CO2 laser
at different laser irradiation doses, but there were no significant morphological changes
except for the highest irradiation values (laser power 45 W and 6 mm/s speed), which
led to a complete surface carbonization and the occurrence of surface cracks. When the
roughness was measured perpendicular to the grain, for CO2-laser-engraved surfaces, the
roughness parameters were significantly influenced by the wood species and the variation
in laser ablation between the earlywood and latewood. This ablation produced an undu-
lated surface corresponding to the sequence of annual growth zones in spruce, beech, and
oak, depending on the irradiation dose and raster density [8,14]. In all these studies, the
roughness profiles included this specific species’ behavior as surface undulation. Rezaei
et al. [9] studied the anatomical and morphological changes in beech wood after CO2 laser
cutting in a direction parallel to the grain and on a tangential section with a high power
of 3200 W. The roughness parameter Ra did not differ significantly with the laser feed
speed (3 or 3.5 m/min), but changes were observed in the middle lamella, which was
completely degraded at the low feed speed. The influence of the cutting direction of the
CO2 laser relative to the wood grain on surface quality was studied by Gurău et al. on
maple [5], where the core roughness, Rk, did not show significant differences relative to
the direction of cutting. The laser enhanced the anatomical waviness, with the earlywood
being processed more deeply.
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The modification of the wooden surfaces produced by the laser beam represents a fun-
damental technology with many potential applications [20]. Johansson and Sandberg [21]
have used the technique of UV laser ablation instead of a microtome to obtain thin sections
of wood for microscopic characterization. They found that this cutting method has little
influence on the material, and very little chemical change is produced in wood. The laser-
cutting method proved to be particularly useful for studying end-grain wood sections,
which are brittle and more difficult to process with a microtome without damaging the
wood structure. Apart from ablation, the laser beam can be used to remove microscopical
amounts of wood, to clean or to prepare the surface for coatings by controlling the energy
input [8,20,22]. Haller et al. [20] mentioned that a suitable parameter set, including the
case of CO2 laser cutting, can make it possible to obtain damage-free surfaces without
carbonization after laser ablation. Seltman [23] initially proposed this technique to elimi-
nate a thin wood layer containing tool marks and fibers that were dislodged during prior
mechanical processing (sawing and planing). This process effectively exposes the wood
structure. In 1998, Wu and Seltman observed that UV laser irradiation is a useful and prac-
tical method for revealing wood anatomical details, especially on the wood cross-section,
and it is comparable with very fine sanding, such as over 800 mesh [24]. Similarly, Guo
et al. [25] stated that an optimal laser power density can smooth the wood surface and can
reach the targeted effect of ablation, making the usual operations of milling and sanding
unnecessary. The study was performed with a nanosecond laser on four wood species,
among which are beech and pine. In a review study of Martínez-Conde et al. [1], cutting
by the CO2 laser was compared to sawing. The saw blade penetrates the workpiece and
disintegrates wood by chipping it and developing a new surface, which will contain the
tool’s cycloidal marks on it, whereas the laser cuts by burning and vaporization, generating
a smooth surface that does not require further sanding.

In comparing the CNC and CO2 cutting of maple using different angles relative to
the wood grain, Gurău et al. [5] found that, at 75◦ and 90◦, the CNC machine processing
causes dust clogging in the pores. At the same time, the laser seems to open the cells’
cavities. The surface processed by the laser was used as a reference, contributing to the
quantification of deep anatomical cavities, which helped better understand the origin of
surface irregularities (anatomical or processing) in the case of CNC-processed surfaces. The
fact that the laser can open the wood structure could be a comparative reference in further
studies intending to evaluate the processing roughness after mechanical processing, where
the anatomical irregularities must be disregarded.

The literature contains different studies on cutting wood with CO2 lasers, conducted
under various conditions and using different cutting parameters, making comparisons
between studies unreliable [1]. It is necessary to conduct comprehensive research on wood
surface property modifications for different wood species, using an identical methodol-
ogy [6]. Therefore, the research in this paper uses the same laser parameters and cutting
variables as in our previous studies on larch [17] and maple [5], to have the same term of
comparison and to observe the different species’ behavior when cut through by CO2 laser,
under different angles relative to the grain. The quantification of wood anatomy, revealed
by the laser, may stand as a reference for milling applications. For instance, it can be used
to assess processing marks while eliminating the influence of wood anatomical irregulari-
ties [2,26].

The purpose of this paper research is to understand the following:

• The morphological changes (surface topography and microscopic changes) of maple
and beech wood when cut under similar conditions, and at different angles relative
to the wood grain, where the stratified surface topography will be interpreted using
measured profile irregularities, quantified by quality parameters and compared with
microscopic images;

• If the laser can uncover wood anatomical details and the cutting direction relative to
the grain is a factor of influence;
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• If the chemical changes, measured by FTIR, depend on the cutting direction relative to
the grain;

• If there are any differences in surface morphology and chemical changes between the
two species.

2. Materials and Methods
2.1. Wood Samples and Laser Processing

Maple wood (Acer pseudoplatanus) and beech wood (Fagus sylvatica) panels, with radial
cut faces, were first processed by straightening one face and one edge, followed by precision
planning on the other face and edge (separate machining), so that the final dimensions
were 370 mm × 200 mm × 12 mm. After that, samples 80 mm × 11 mm × 12 mm were
cut out from the radial face by a CO2 laser (with continuous wave beam, a wavelength
of 10.6 µm, 88.9 mm focal length, and 0.150 mm spot size). The samples length was at 0◦,
15◦, 30◦, 45◦, 60◦, 75◦, and 90◦ angles relative to the wood grain (Figure 1a). The surface
quality was evaluated on the laser-cut edges (80 mm × 12 mm) (Figure 1b). Two edges
were examined for each cut-out sample. The specimens had a mean density of 556 kg/m3

for maple and 681 kg/m3 for beech, with a moisture content of 6.4% for maple and 6.6%
for beech, measured after laser cutting.
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Figure 1. Example of beech specimens cut under different angles relative to the wood grain (a) and
their edges cut through by laser (b).

The cutting process was carried out using a CO2 laser-cutting machine, specifically the
OmniBEAM 150 from COHERENT, Inc. in Santa Clara, CA, USA. The machine operated at
a maximum power of 150 W and a maximum feed speed of 50.8 mm/min, while utilizing
nitrogen as the purge gas.2.2.

2.2. Surface Quality Measurements

A MarSurf XT20 instrument manufactured by MAHR Gottingen GMBH (Göttingen,
Germany) was used for surface measurements. It was equipped with an MFW 250 scanning
head having a tracing arm in the range of ±750 µm and a stylus with the following
characteristics: 2 µm tip radius and 90◦ tip angle. The measurements were made on
the specimens’ edges, along the processing direction. The stylus moved with a speed of
0.5 mm/s and exerted a low scanning force of 0.7 mN. For each measured edge, three
profiles with a length of 50 mm were recorded at a lateral resolution of 5 µm, which meant
six profiles were analyzed for each sample, with each of the seven angles of laser cut relative
to the wood grain.

Next, the measured profiles were processed using the MARWIN XR20 software pro-
vided with the instrument. The initial step involves removing form errors. To achieve this,
polynomial regressions were utilized to identify the best-fitting curves for the measured
profiles. The “primary profile” is then derived by subtracting the best-fit curve from the
measured profile, as detailed in ISO 4287 [27] (now replaced by ISO 21920-2:2021 [28]). The
primary profile consists of irregularities in two different wavelength ranges: waviness and
roughness. The longest wavelengths represent the waviness and the shortest represent
the roughness. To separate the waviness from roughness, a robust Gaussian regression
filter was used, following the guidelines of ISO/TS 16610-31 [29]. The selected cut-off
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length was 2.5 mm as recommended for wood [26,30,31]. Various parameters were used to
analyze the surface topography, including Rv (the largest absolute profile valley depth),
Rsk (skewness of the profile), RSm (mean width of the profile elements), and Wa (arith-
metical mean deviation of the waviness profile) [28]. Wood has a stratified structure with
specific wood anatomy, so the Abbot-curve parameters are recommended [26,31]. For this
study, we selected Rk (the core roughness depth), Rpk (the reduced peak height), and Rvk
(the reduced valley depth) from ISO 13565-2 [32], which has been replaced by [28]. The
explanation regarding the calculation of Abbot-curve parameters can be found in Gurău
et al. [17]. It is important to analyze a range of parameters, as each of them describes a
certain characteristic of a surface and can help interpret its morphology.

2.3. Stereo-Microscopy Analysis

The cut edges were examined using a stereo-microscope NIKON SMZ 18-LOT2 (Nikon
Corporation, Tokyo, Japan). The micrographs taken from all the samples processed by
laser were compared and thoroughly analyzed together with the results of the surface
quality measurements.

2.4. Chemical (FTIR) Analysis

Fourier-transform infrared spectroscopy (FTIR) was the method selected to investigate
the temperature-induced chemical changes on the maple and beech wood surfaces cut
through by laser, as reported in previous research [5]. FTIR-ATR spectra were obtained
from the cut-through surfaces processed by laser at angles of 0◦ and 90◦ relative to the
wood grain, in comparison with control samples, which were processed at the same angles
using a CNC machine [5]. An ALPHA Bruker spectrometer (Bruker, Ettlingen, Germany)
equipped with an attenuated total reflectance (ATR) unit was used for this purpose.

To conduct the analysis, thin, small samples (with a thickness of about 0.2–0.4 mm and
surfaces of about 5 × 5 mm) were extracted from the areas of interest using a sharp, flexible
blade. All FTIR-ATR spectra were recorded in the range of 4000–400 cm−1, with a resolution
of 4 cm−1 and 24 scans. Three spectra were taken for each category of wood samples. The
spectra underwent baseline correction and smoothing, and average spectra were generated
using OPUS software (version 7.2, Bruker, Ettlingen, Germany)). The average spectra
were normalized (by Min–Max normalization) and then analyzed to identify the specific
chemical composition of the wood material and the chemical changes caused by laser
processing. The characteristic absorption bands were determined by referencing literature
(Table 1).

Table 1. Literature reference data about the main absorption bands (peaks) observable in the FTIR
spectra of wood, in the range of 1800–600 cm−1.

Wavenumber Range [cm−1]
General Vibrational Assignment

Chemical Bonds/Structural Features
of Organic Compounds

Relevance for Wood Spectra
Assignment to the Wood Main

Chemical Components

1740–1730
Unconjugated C=O stretching

vibration in aldehydes, ketones, esters,
and carboxylic acids

C=O in acetyl groups in
xylans/Hemicelluloses

1645–1630
Conjugated C=O stretching vibration

in aromatic or conjugated ketones;
water absorbed in wood.

Lignin

1605–1594 Aromatic ring C=C stretching
vibration in the aromatic ring Lignin

1510–1504 Aromatic skeletal vibration of lignin Lignin

1455

C-H deformation in lignin
and carbohydrates

Aromatic vibration in lignin
Asymmetric C-H bending from

methoxyl groups (in lignin)

Lignin
Cellulose

Hemicelluloses

1425–1421
C-H bending

C-H deformation in lignin
and carbohydrates

Lignin
Cellulose

Hemicelluloses
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Table 1. Cont.

Wavenumber Range [cm−1]
General Vibrational Assignment

Chemical Bonds/Structural Features
of Organic Compounds

Relevance for Wood Spectra
Assignment to the Wood Main

Chemical Components

1330–1319

C-H vibration and C-O stretching
relative to syringyl (lignin)

Syringyl ring breathing (lignin)
C-H vibration in cellulose

Lignin (mostly hardwoods)

Cellulose

1235–1230
Syringyl ring stretching (lignin)

C-C plus C-O plus C=O stretching
vibration in acetyl groups (xylan)

Lignin (mostly hardwoods)
Hemicelluloses/Xylans

in hardwoods

1170–1150 C-O-C stretching vibration
in polysaccharides

Cellulose
Hemicelluloses

1030–1020
C-O vibration in polysaccharides

C-O-C deformations
in polysaccharides

Cellulose
Hemicelluloses

898–896 C-H deformation in cellulose Cellulose

Data compiled from literature references [33–36]

The next step was to integrate a series of relevant absorption bands from the FTIR
spectra using the OPUS software. Some ratios of relevant absorption bands were calculated
to gain a better understanding of the temperature-induced chemical changes on the wood
surface resulting from laser cutting. Factors such as wood species and the angles of laser
cut relative to the wood grain were considered during data processing, as they could
potentially have an impact.

3. Results
3.1. Surface Quality Measurements and Stereo-Microscopy Analysis

Table 2 presents the mean values and standard deviations for the parameters analyzed
in the surface morphology of beech and maple when processed by laser at seven angles
relative to the wood grain.

Table 2. Mean values roughness parameters measured for beech and maple cut by laser at different
angles relative to the wood grain.

Species Angle Evaluated Parameters (in µm)
Rk Rpk Rvk Rk + Rpk Rsk Rv RSm Wa

beech 0
mean 18.22 11.14 15.64 29.35 −0.86 39.43 790.06 18.87
st.dev 2.32 2.52 1.91 4.22 0.52 2.77 67.61 7.07

beech

15
mean 31.59 13.96 18.90 45.55 −0.73 66.32 637.67 25.31
st.dev 5.47 6.03 3.21 9.49 0.61 15.10 47.79 11.81

30
mean 26.08 8.26 17.48 34.34 −1.09 45.64 402.17 13.04
st.dev 1.90 1.42 1.98 2.40 0.21 4.54 39.37 3.81

45
mean 28.23 8.17 17.65 36.40 −1.03 50.19 320.11 10.64
st.dev 4.38 3.06 1.99 7.10 0.38 6.17 12.89 5.38

60
mean 25.01 8.19 19.22 33.21 −1.29 53.09 309.42 12.86
st.dev 3.45 3.26 1.63 6.26 0.29 5.25 26.46 6.30

75
mean 28.25 11.96 17.68 40.21 −0.79 49.61 270.10 7.06
st.dev 2.28 6.18 1.87 8.33 0.50 5.70 23.08 2.22

90
mean 29.28 8.58 19.23 37.86 −1.12 54.85 272.08 8.94
st.dev 3.29 2.24 1.70 4.94 0.19 5.43 31.41 2.26

maple

0
mean 19.94 12.80 28.66 32.75 −1.69 57.33 1023.04 16.44
st.dev 3.32 1.67 5.28 3.61 0.35 6.81 170.22 3.90

15
mean 20.61 11.44 24.76 32.06 −1.52 61.84 788.61 15.41
st.dev 6.04 6.32 4.51 11.81 0.87 13.36 170.05 7.32

30
mean 18.96 7.91 21.53 26.87 −1.79 54.65 599.46 16.15
st.dev 4.31 2.45 1.72 6.31 0.38 7.15 102.80 9.29

45
mean 15.56 6.92 21.93 22.48 −1.97 52.91 483.55 14.12
st.dev 2.34 4.07 1.74 5.60 0.45 6.43 44.51 8.45

60
mean 16.83 6.56 22.80 23.39 −2.06 54.52 412.43 16.34
st.dev 6.51 2.33 1.93 8.50 0.36 12.98 83.74 7.68

75
mean 14.10 4.97 20.14 19.07 −2.17 50.77 355.12 6.79
st.dev 2.27 1.59 1.28 3.56 0.22 7.86 35.26 2.38

90
mean 16.56 4.82 21.16 21.38 −2.09 57.37 374.70 7.26
st.dev 3.94 1.26 1.39 5.03 0.28 5.38 52.82 2.47
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The highest concentration of data points is best represented by the parameter Rk, a
stable parameter that excludes the influence of isolated peaks (surface fuzziness) or isolated
gaps (deep pores or surface cracks) on the surface. Table 2 and Figure 2 show how Rk
changes with the angles of laser cut relative to the wood grain and species.
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Figure 2. Comparative core roughness, Rk, for beech and maple processed by laser at different angles
relative to the wood grain.

An ANOVA pairwise comparison has shown significant differences in Rk between
species for all angles relative to the wood grain, except for 0◦ (cutting along the grain).
Table 3 indicates that the interaction effect of species on the Rk parameter was significant.
This means that the core roughness of beech was significantly higher than that of maple. For
example, the Rk for beech cut at 75◦ was two times higher than that for maple. However,
for cutting along the grain, the Rk was similar for both species.

Table 3. ANOVA test examining the impact of species on the Rk parameter, for seven laser-cut angles
relative to the wood grain.

Source Type III Sum of
Squares df Mean Square F Sig.

Corrected model 3068.567 13 236.044 14.974 0.000
Intercept 47,814.415 1 47,814.415 3033.222 0.000

Species angle 3068.567 13 236.044 14.974 0.000
Error 1324.140 84 15.764
Total 52,207.121 98

Corrected total 4392.706 97

In the same species, the ANOVA test revealed no significant differences in Rk based on
the angles of laser cut in relation to the wood grain (Table 4). However, an exception was
observed in beech, where Rk for cutting along the grain was significantly lower compared
to the other cutting directions relative to the grain. For both species, the highest Rk values
were found when cutting at 15◦ (Figure 2). Similarly, Gurău et al. [5] also reported that the
worst Rk values for maple were observed when cut with a laser at a 15◦ angle relative to
the grain.

Table 4. ANOVA test assessing the impact of seven laser-cut angles relative to maple wood grain on
the Rk parameter.

Source Type III Sum
of Squares df Mean Square F Sig.

Corrected model 240.984 6 40.164 2.089 0.075
Intercept 15,024.862 1 15,024.862 781.323 0.000

Angle 240.984 6 40.164 2.089 0.075
Error 807.662 42 19.230
Total 16,073.507 49

Corrected total 1048.645 48
Note: The test between subject effects has shown no significant effect produced by the processing angle on the Rk
parameter (p = 0.075 > 0.05).
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Next, comparative roughness profiles along with comparative microscopic images
were explored to gain a deeper understanding. The roughness profiles were selected for 0◦,
45◦, and 90◦, and are contained in Figure 3.
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Maple had higher Rvk values compared to beech, which aligns with their different anat-
omy as revealed by the laser. The parameter Rv, which measures the deepest valley in a 
profile, also showed higher values for maple compared to beech (Table 2). Within the same 
species, Rv remained almost constant from the 30° angle onwards and was within the 
range of mean wood pores for both species. At a cutting angle of 15°, Rv for both species 
was notably higher than the values for the other angles, possibly due to the presence of 
cracks on the surface at the lower side of those samples (Figure 4). This finding indicates 
that the 15° angle not only yielded the worst surface quality as measured by Rk but also 
revealed cracks depicted by Rv for both species. The lower side, corresponding to the 
deepest laser penetration, was more affected than the upper side. According to Martínez-
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The profiles shown in Figure 3 should be understood as a superposition of the surface
fuzziness (Rpk) above the processed surface and deep wood pores below the processed
surface (Rvk). The processed surface is measured by the core roughness parameter, Rk,
which evaluates the height of the central profile region around the zero line (above and
below). This region contains the traces/marks of the cutting tool and the anatomical wood
voids within its limits. In the case of laser processing, this central region will also contain
the zone affected by carbonization and melting, as well as anatomical cavities uncovered
by the laser, characterized by frequent occurrences such as fiber cavities. Larger wood
anatomical cavities, like pore lumens, will be deeper and less frequent, and will be depicted
by the parameter Rvk, which measures the depth of the zone located below the central
zone (Table 2). Higher values of Rvk compared to Rpk, as well as a negative skewness, Rsk,
indicate that the valleys in the profiles have a higher magnitude than the peaks. Maple
had higher Rvk values compared to beech, which aligns with their different anatomy as
revealed by the laser. The parameter Rv, which measures the deepest valley in a profile,
also showed higher values for maple compared to beech (Table 2). Within the same species,
Rv remained almost constant from the 30◦ angle onwards and was within the range of
mean wood pores for both species. At a cutting angle of 15◦, Rv for both species was
notably higher than the values for the other angles, possibly due to the presence of cracks
on the surface at the lower side of those samples (Figure 4). This finding indicates that the
15◦ angle not only yielded the worst surface quality as measured by Rk but also revealed
cracks depicted by Rv for both species. The lower side, corresponding to the deepest laser
penetration, was more affected than the upper side. According to Martínez-Conde et al. [1],
only the top layer is directly cut by vaporization while going deeper, the material is cut by
burning. Similarly, Corleto et al. [4] found a lighter color on the upper side when cutting
beech with a CO2 laser.
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Figure 4. Surface defects (cracks) that occur when cutting wood with the laser at a 15◦ angle relative
to the grain: (a) maple; and (b) beech. The red arrow indicates the location of the defects, which are
on the lower side of the specimens.

As the angle of the laser cut relative to the wood grain increased from 0◦ to 90◦,
more anatomical details were uncovered in both species. The density/frequency of ir-
regularities in the roughness profiles visibly increased (Figure 3). At 0◦, the pores were
cut longitudinally, appearing as wide and deep features in the roughness profiles. The
width of irregularities actually measures the length of the pores’ cavities revealed by the
laser processing. The number of measured irregularities increased as the angle of laser cut
relative to the wood grain increased from 15◦ to 90◦, displaying a higher number of crosscut
pores, which gradually decreased the value of the RSm parameter (Table 2). RSm quantifies
the width of irregularities and was higher for maple compared to beech, regardless of
the cutting direction. This can be explained by the larger pore width in maple compared
to beech.

The roughness profiles shown in Figure 3 indicate that the data density of beech is
higher than that of maple. This corresponds to the species anatomy: the frequency of pores
in beech ranges from 80–125–160/mm2, while, for maple, it ranges from 34–38–44/mm2 [37].
It might be that, due to their high frequency, some of the small-sized pores in beech were
retained in Rk, causing it to appear higher than in maple. The more scattered the core data,
the higher the Rk value.
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Furthermore, to understand why the surface roughness, Rk, was higher in beech than
in maple, it is worth looking at comparative microscopic images taken for both species in
Figure 5.

From Figure 5, it can be observed that the anatomical structure of maple looks less
affected by carbonization compared to beech at the same laser processing angle relative
to the wood grain. As the angle increases, the anatomical details of the maple become
more clearly identifiable. The higher presence of carbonized tissues in beech may have also
contributed to the difference in Rk between the two species.

By looking at the wood fibers in maple, their lumens become very visible as the cutting
transitions from along to across the grain. In contrast, in beech wood, the fiber lumens
are hard to distinguish. According to the literature, the size of fiber lumens in maple
ranges from 6.5 to 10 to 14.5 µm, while, in beech, they are narrower, measuring 3.5 to 7.1 to
11.2 µm [37]. The lower density and larger lumen size in maple suggest that it behaves dif-
ferently when subjected to laser heat. When cut at higher angles relative to the wood grain,
especially between 45◦ to 90◦, the material melts, carbonizes, and evaporates, revealing
new, almost untouched tissue beneath. This is particularly noticeable in the earlywood
regions. The latewood, with narrower cell lumens, undergoes carbonization at the an-
nual growth limit. The wood pores of maple have a size of (25) 30–50–70 (110) µm in
some 34–38–44/mm2. The middle of the range is similar to the size of pores in beech,
45 µm (8–45–85 µm). However, beech has a higher frequency of pores, numbering
80–125–160 pores/mm2. The higher frequency of pores in beech can be seen in the compar-
ative micrographs (Figure 5) as well as in the roughness profiles (Figure 3).

Except for the pores’ lumens from earlywood, all the other types of beech cells appear
carbonized or melted. The wood structure at the edge of the annual ring is unidentifiable,
with mostly carbonized tissue in the latewood. The area before the ring boundary is mainly
in a molten state (Figure 5j). The first layer of earlywood tissue was strongly ablated by
the laser, forming a sudden gap in the surface, which, after the volatilization of material,
has left identifiable earlywood pores. The laser ablation effect can be best seen in the
primary profiles, which contain not only the roughness but also the waviness (Figure 6).
Cells with small lumens (fibers or ray cells) remained in a melting–carbonization stage
without progressing to the next stage of volatilization, an observation similar to Kudela
et al. [19] and Adamčík et al. [2]. According to Martínez-Conde et al. [1], in the case of
dense species, the laser would need a longer time for the vaporization and burning. This
shows that wood–laser interaction depends on the wood species and its structure, as well
as its chemical composition, as will be discussed later.
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Figure 5. Comparative microscopic images of maple and beech processed at different angles of the 
laser relative to the wood grain. Magnification 180× (red indicates annual growth limit; arrows show 
growth direction). White scale bar for maple—200 µm; black scale bar for beech—100 µm. (a) 

Figure 5. Comparative microscopic images of maple and beech processed at different angles of the
laser relative to the wood grain. Magnification 180× (red indicates annual growth limit; arrows
show growth direction). White scale bar for maple—200 µm; black scale bar for beech—100 µm.
(a) 0◦_maple; (b) 0◦_beech; (c) 30◦_maple; (d) 30◦_beech; (e) 45◦_maple; (f) 45◦_beech; (g) 60◦_maple;
(h) 60◦_beech; (i) 90◦_maple; and (j) 90◦_beech.
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Figure 6. Primary profiles of beech cut by laser at different angles relative to the wood grain: (a) 0◦;
(b) 30◦; (c) 75◦; and (d) 90◦.

The thermal conductivity increases gradually as the cutting direction changes from
along the grain (0◦) to across the grain (90◦). At 90◦, the cells expose more lumens and
air, which speeds up the carbonization process. This is especially noticeable in earlywood,
where material vaporization occurs. This explains why laser cuts at higher angles relative
to the wood grain (90◦, 75◦, or 60◦) display the wood’s anatomy with more clarity and
detail compared to smaller angles (0◦, 15◦, 30◦, or 45◦) as shown in Figures 2 and 4. These
results appear to confirm the findings of Haller et al. [20], who stated that a laser can reveal
the wood’s anatomical structure.

The micrographs confirm the observations in the roughness profiles: the laser seems to
reveal more wood anatomical details when the cutting is progressing from along to across
the grain, and the wood structure is displayed with more clarity, especially in tissues of
earlywood and generally, in those with large cavities. The deposition of residue and molten
material in those cavities might be possible; however, the micrographs show no evidence
of the sealing or complete closure of lumens (similar to Nath et al. [13]).

To observe the ablation caused by the laser, the primary profiles were examined. The
primary profiles contain not only surface roughness but also waviness, which measures
the irregularities of the surface at higher wavelengths. Figure 6 is an example of primary
profiles taken from beech, which show how the laser generates a wavy pattern as the angle
of the laser cut relative to the wood grain increases from a cutting along the grain (0◦) to a
perfect crosscut direction (90◦).

To gain a better understanding of the effects of laser processing, the primary profiles
were overlapped onto the specimens’ images, precisely at the locations where those profiles
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were measured. An example was selected for both species, which were cut by the laser at
75◦ relative to the wood grain (Figure 7).
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Figure 7. Surfaces cut by the laser at 75° relative to the grain, with an example of an overlapped 
primary profile. The arrow indicates the wood growth direction. The red line serves as a guide to 
align the measured line with the actual profile being measured: (a) beech; and (b) maple. 

The laser has deeply ablated the earlywood, creating a noticeable gap in the first tis-
sue of the annual ring, which appears as a sudden void in the primary profile. The ridges 
correspond to the denser latewood, which is affected to a lesser extent than the earlywood. 
Similar observations were made by various researchers: Kúdela et al. [14] noticed the high-
est magnitude in spruce, then oak, and, lastly, on beech wood; Kudela et al. on spruce 
wood [6]; Adamčík et al. on spruce, beech, and oak wood [2]; Gurău et al. on maple [5]; 
and Gurau et al. on larch [17]. The waviness created by the laser on the beech and maple 
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Figure 7. Surfaces cut by the laser at 75◦ relative to the grain, with an example of an overlapped
primary profile. The arrow indicates the wood growth direction. The red line serves as a guide to
align the measured line with the actual profile being measured: (a) beech; and (b) maple.

The laser has deeply ablated the earlywood, creating a noticeable gap in the first
tissue of the annual ring, which appears as a sudden void in the primary profile. The
ridges correspond to the denser latewood, which is affected to a lesser extent than the
earlywood. Similar observations were made by various researchers: Kúdela et al. [14]
noticed the highest magnitude in spruce, then oak, and, lastly, on beech wood; Kudela et al.
on spruce wood [6]; Adamčík et al. on spruce, beech, and oak wood [2]; Gurău et al. on
maple [5]; and Gurau et al. on larch [17]. The waviness created by the laser on the beech
and maple surfaces corresponds to the sequence of earlywood–latewood and their location
on the surface. The anatomical waviness influences the parameter Wa, whose values are
presented in Table 2 and seem to decrease towards the high cutting directions, with the
pattern increasing in frequency, for both species.

In conclusion, concerning the morphological changes, the earlywood anatomy is
revealed by a sublimation process, which removes a layer of material, leaving the anatomi-
cal pattern below almost unchanged. The way the laser uncovers the wood anatomy of
earlywood–latewood depends on the species.

In further work, the Rvk and Rv determined after processing with laser could serve as
a good approximation of the depth to which a stylus penetrates the pores of earlywood.
These parameters can provide a reference point for analyzing the surface morphology of
maple and beech that have been processed using a mechanical tool. This analysis can help
researchers identify isolated features on the surface that extend deeper than the wood’s
anatomical voids, such as material pull-out, surface fissures, and cracks. Having a reference
point for the maximum stylus penetration depth in the earlywood of a specific species can
help differentiate between anatomical roughness, processing roughness, and occasional
surface defects. Such an attempt was successful in the study of Gurău et al. [5], where
the surface quality of maple edges routed with an integral helical CMS milling cutter on
a CNC machine was compared to that processed by a CO2 laser. The laser revealed the
wood anatomy in the earlywood cells, particularly when cutting the wood at high angles
in relation to the grain (45–90◦). In that previous study, the laser-cut surfaces helped to
understand the origin of irregularities (whether anatomical or caused by processing) that
occurred after CNC through routing.
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3.2. FTIR Investigation of Chemical Changes

The spectra of the control (C) and laser (L) cut-through maple and beech wood surfaces
in the fingerprint region (1800–600 cm−1) are presented in Figure 8a,b. These spectra
correspond to the laser-cut angles of 0◦ and 90◦ in relation to the grain.
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Figure 8. FTIR-ATR spectra in the fingerprint region (1800–600 cm−1), comparing cut-through wood
surfaces, at angles of 0◦ and 90◦ relative to the wood grain, for control (C_0, C_90) and laser processed
(L_0, L_90) samples of (a) maple (code P) and (b) beech (code F).

The control samples of maple and beech wood both demonstrate similar absorption
bands. These include approximately 1733 cm−1 (stretching of unconjugated carbonyl
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groups in hemicelluloses/pentosans and C=O groups in lignin), 1635–1645 cm−1 (vibration
of conjugated carbonyl groups/aromatic ketones in lignin), 1594 cm−1 (aromatic skeletal
breathing and C=O groups stretch in lignin), 1504 cm−1 (aromatic skeletal vibration in
lignin), 1456 cm−1 (asymmetric deformation of aromatic C-H, asymmetric bending –CH3 in
lignin), 1421 cm−1 (asymmetric C-H deformation in lignin and carbohydrates), 1369 cm−1

(symmetric C-H deformation in cellulose and hemicelluloses), 1324 cm−1 (C–O vibration
in syringil derivatives, syringil ring breathing, and C-O alkyl-aryl ether bond assigned
to methoxyl groups in lignin), 1234 cm−1 (C-O stretch in lignin and xylan, and syringyl
ring), 1153–1155 cm−1 (antisymmetric stretching of C-O-C ether bridge in cellulose and
hemicelluloses), cca 1030 cm−1 (C-O stretching in cellulose/hemicelluloses and, alcoholic
–OH groups), and cca 900 cm−1 (C-H deformation in cellulose ring) [33,38]. This demon-
strates both the similar main chemical features of hardwoods and the particularities of each
species, with slightly different relative intensities or shifting of certain absorptions.

Available data of wet chemical analysis indicate, for maple, a content of 38.3% cellulose,
20.3% pentosans, 25.3% lignin, and 2.5% extractives, while the corresponding values for
beech were 49.1% cellulose, 22.0% pentosans, 23.8% lignin, and 0.8% extractives [39].
Although the variability of wood chemical composition as a function of many factors is
well-acknowledged [39], the above data indicate some differences in the ratios of the main
chemical components for the two wood species (e.g., pentosans–cellulose ratios of 0.53 for
maple and 0.44 for beech; and cellulose–lignin ratios of 1.5 for maple and 2.2 for beech).

The process of laser cutting resulted in noticeable changes in the surface chemistry
of both wood types and the angles of the laser cut relative to the wood grain. The angle
of the laser cut only had a direct observable influence in the case of beech (in the range of
1730–1600 cm−1). Similar to what has been previously reported for maple wood [5], the
most significant common change was a substantial decrease in the absorption at around
1732 cm−1 (mainly due to hemicelluloses, specifically pentosans), along with a shift to-
wards lower wavenumbers (approximately 1717 cm−1), indicating the degradation of
hemicelluloses primarily by deacetylation [8,12]. Additionally, the absorptions at around
1369 cm−1 (related to hemicelluloses and cellulose) and around 900 cm−1 (related to cel-
lulose) appeared to be less affected (a slight decrease visible for the band at 1369 cm−1),
suggesting a more advanced degradation of hemicelluloses compared to cellulose, which
is in line with their relative thermal stability. The noticeable change we observed was a
significant decrease and almost disappearance of absorption at around 1635–1645 cm−1,
which is associated with conjugated carbonyl and aromatic ketones in lignin. This was
accompanied by a significant increase and broadening of the absorption band at 1594 cm−1,
characteristic of aromatic ring breathing. These changes suggest an increase in structural
diversity around the aromatic rings, resulting in the absorption of a wider range of frequen-
cies due to structural changes in lignin. At the same time, the most characteristic absorption
band of lignin at around 1504 cm−1 (aromatic skeletal vibration) seemed less affected in
intensity (apparent slight increase for beech, more evident at laser cutting along the grain),
although it was shifted to 1508 cm−1 for both wood species, regardless of the angle of
laser cut relative to the wood grain. This might indicate some thermal demethoxylation of
syringyl rings to guaiacyl rings, with hardwood lignins being found to be more sensitive
than softwood lignins [40].

The observations confirm that there are changes in the structure of lignin, such as
condensation processes. These changes may involve the reactive conjugated carbonyl
groups in the α position of the propane side chain, as discussed by Kubovský and Kačík [11].
Those authors proposed a reaction pathway that includes the oxidation of α-C=O groups
followed by decarboxylation and further condensation with adjacent benzene rings in an
acidic medium forming diphenylmethane structures. The slight decrease in absorption
at 1324 cm−1, which seems to be more significant in the beech laser-processed samples,
could indicate the removal of methoxy groups from the syringyl units [8] due to the
cleavage of the C-O alkyl-aryl ether bond. This process may lead to more free reactive
sites, potentially favoring the further condensation of lignin. The absorption at 1234 cm−1,
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which represents the syringyl ring with C-O vibration in the lignin and xylan acetyl
groups, decreased in intensity and became broader for all laser-cut surfaces. This aligns
with previously observed changes in the structure of hemicelluloses and lignin. Another
notable observation is the absorptions at 1153–1155 cm−1 (C-O-C ether bridges in the
structure of polysaccharides) and 1105 cm−1, which appeared as shoulders on the broader
absorption band with a maximum at around 1030 cm−1. These absorptions became more
pronounced after laser processing, especially in the case of maple cut by laser along the
grain, indicating modifications in the structure of cellulose. These changes may involve
dehydration processes and the formation of new ether bridges, as discussed by Kubovský
and Kačík [11]. The chemical changes and differences between the two species under
study, as well as the effect of the angle of laser cutting in relation to wood grain, are more
accurately shown in Tables 5 and 6. These tables provide numerical data resulting from a
semi-quantitative evaluation based on the integration of the areas of the relevant absorption
bands, along with the calculation of relative values laser/control. The laser/control relative
areas are presented as ratios of the areas corresponding to the laser-cut surfaces and the
control surfaces processed by CNC routing (in Table 5). On the other hand, the relative
ratios of relevant absorption bands are calculated by dividing the ratio of those bands for
laser-cut samples to the ratio of control samples and are presented in Table 6. In both cases,
values close to 1.0 would indicate no change due to laser cutting. Values significantly lower
or higher than 1.0 would suggest a decrease or increase in the respective absorptions or
ratios of components, as a result of chemical changes caused by laser processing.

Table 5. Laser/control relative integrated areas of the main FTIR absorptions for maple and beech
wood cut at angles of 0◦ and 90◦ relative to the wood grain.

Absorption Band [cm−1]
Relative Integrated Areas (Ratios ALaser/AControl)

Maple (Acer pseudoplatanus) Beech (Fagus sylvatica)
P_L_0◦/P_C_0◦ P_L_90◦/P_C_90◦ F_L_0◦/F_C_0◦ F_L_90◦/F_C_90◦

1732 0.26 0.44 0.74 0.61
1635–1160 1.15 1.26 1.26 1.17

1504 0.85 0.87 1.26 1.07
1369 0.54 0.76 0.57 0.56
1234 0.51 0.63 0.67 0.62
1030 0.82 0.81 0.75 0.69
900 0.67 0.76 0.42 0.52

Table 6. Relative absorption bands’ ratios (RatioLaser/RatioControl) for maple and beech wood cut
at angles of 0◦ and 90◦ relative to the wood grain.

Absorption Bands’ Ratio Significance
Relative Absorption Bands’ Ratios (RatioLaser/RatioControl)

Maple (Acer pseudoplatanus) Beech (Fagus sylvatica)
P_L_0◦/P_C_0◦ P_L_90◦/P_C_90◦ F_L_0◦/F_C_0◦ F_L_90◦/F_C_90◦

A1504/A1369 Lignin/Hollocellulose 1.57 1.14 2.22 1.90
A1732/A1369 Hemicelluloses/Hollocellulose 0.49 0.59 1.30 1.09
A900/A1369 Cellulose/Hollocellulose 1.25 1.00 0.74 0.92

Based on the discussion and data provided, it can be concluded that FTIR analysis
highlighted thermal-induced surface chemical changes that occur after laser cutting. It also
indicated some influences of the wood species and angle of laser cut relative to the wood
grain. These changes affected both polysaccharides (as indicated by the relative integrated
areas of absorption bands at 1732 cm−1, 1369 cm−1, 1030 cm−1, and 900 cm−1) and lignin
(as indicated by the relative integrated areas of absorption bands at 1635–1645–1594 cm−1,
and 1504–1508 cm−1) (Table 5). These changes are also reflected in the relative ratios of the
relevant absorption bands (Table 6).

The main changes of polysaccharides involved advanced deacetylation and the further
degradation of hemicelluloses (pentosans). These changes were more pronounced in maple
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than in beech, as indicated by the relative areas of absorption at 1732 cm−1, which were
0.26 and 0.44 for maple at 0◦ and 90◦, respectively, compared to 0.74 and 0.61 for beech.
Additionally, the relative ratios of the relevant absorptions A1732/A1369 were 0.49 (0◦)
and 0.59 (90◦) for maple. The comparative values of 1.30 and 1.09 for beech suggest that
hemicellulose degradation happens alongside some cellulose degradation. This means
that the FTIR ratio of hemicellulose to hollocellulose is not affected (1.09 at 90◦) or may
even slightly increase when cutting along the grain (1.30 at 0◦). The structure of cellulose
may experience some loss of hydroxyl groups and cross-linking by ether bridges. Cellulose
degradation is more advanced in beech than in maple, especially when cutting along the
grain rather than across it, as indicated by the relative areas of the absorptions at 900 cm−1.
These areas are all lower than 1.0 and smaller for beech compared to maple, with the lowest
value (0.42) for cutting along the grain. Additionally, the relative ratio values A900/A1369
(cellulose/hollocellulose) are lower than 1.0 for beech. The differences in the content of
cellulose and hemicelluloses (pentosans) and the pentosans–cellulose ratios of 0.53 for
maple and 0.44 for beech might explain their different behavior.

Previous studies on the effect of the CO2 laser beam on the color and surface chemistry
of maple and beech wood indicated that higher levels of irradiation doses led to a gradual
decrease in the saccharides content and a noticeable loss of hemicelluloses. Additionally,
the degradation of amorphous regions of cellulose was observed. Variations were noted in
the rates of hemicelluloses degradation between maple and beech, and species-dependent
patterns in the FTIR spectra in the range of 1800–1500 cm−1 were reported in the same
study [12]. The decrease in the absorption band at 1030 cm−1 for CO2-laser-engraved oak
surfaces was considered to indicate degradation processes in the cellulose [8].

The degradation of polysaccharides resulted in a higher ratio of lignin to hemicellulose
(A1504/A1369), which was more significant for beech (2.22 and 1.90) than for maple
(1.57 and 1.14), and was higher for cutting along the grain than across the grain. In the
case of beech, laser cutting appeared to increase the amount of lignin, as indicated by
the relative areas of lignin absorption at 1504–1508 cm−1 (laser/control), with values of
1.26 when cutting along the grain and 1.09 when cutting across the grain. For maple, the
corresponding values suggested a slight degradation (0.85–0.87). It is important to note
that the two species have different chemical compositions, with the cellulose/lignin ratios
being 1.5 for maple and 2.2 for beech. Therefore, even though laser-induced hemicellulose
degradation seemed to be more advanced for maple than beech, and cellulose degradation
more advanced for beech than maple, the ratio of lignin to hemicellulose could still be
higher for laser-processed beech compared to maple. The changes observed in the FTIR
spectrum between 1635–1600 cm−1 indicate that lignin condensation occurred through
various mechanisms involving reactive α-carbonyl groups and alkyl–aryl ether linkages,
leading to cleavage and condensation processes. Consequently, the interaction of a laser
beam with wood surfaces is expected to cause surface chemistry changes that depend on the
wood species. Factors such as laser parameters, experimental setup, chemical composition,
anatomical features, and wood density should be taken into account as influencing factors.
These findings are supported by other studies [8,11,12,15,38,41], which have also shown
that the chemical changes depend on the wood species, the type of laser, its power, and
other laser processing parameters.

4. Conclusions

The morphological and chemical changes of maple and beech cut through with a
CO2 laser were investigated.

The laser reveals more details about the wood’s anatomy when the cutting progresses
from along to across the grain. This is especially noticeable in the earlywood tissues and
cells with large cavities and it is more obvious in maple than in beech. The first tissue of
earlywood was strongly ablated by the laser, forming a sudden gap in the surface, which,
after the volatilization of the material, has left identifiable earlywood pores and a wavy
pattern corresponding to the sequence earlywood–latewood, that was more evident for
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high angles of laser cut relative to the wood grain. The cells with a small lumen (fibers or
ray cells) remained in a stage of melting–carbonization without progressing to the next
stage of volatilization, more noticeable in beech than in maple. The anatomical structure of
maple was less affected by carbonization in comparison to beech for the same angle of laser
cut relative to the wood grain. The roughness profiles of beech had a higher data density
than those of maple, reflecting the anatomy of each species and the greater frequency of
pores in beech.

The presence of more carbonized tissues in beech leads to a significantly higher core
roughness, Rk, compared to maple. However, the influence of the laser-cut angle in relation
to the grain direction on Rk was not significant within species, except for 0◦, which was
significantly lower for beech compared to the other angles. For both species, the highest Rk
was found when cutting at 15◦, and the surface was affected by cracks depicted by Rv.

The maple wood had higher Rvk values compared to beech, which is consistent with
their different anatomical structures as revealed by the laser. For the same species, Rv
remained almost constant from the 30◦ angle onwards and fell within the range of mean
wood pores for both species. These parameters, determined after laser processing, provide
a good estimate of the depth of pores in earlywood, as detected by the stylus. They can be
used as a reference for further studies on surface morphology changes following mechanical
wood processing, where only processing roughness is of interest and wood anatomy is
not relevant.

The chemical analysis of control samples (CNC-processed) from maple and beech
wood showed similar absorption bands, with some slight differences in the intensities
or shifts of certain absorptions for each species. Laser cutting caused thermal-induced
surface chemistry changes for both wood species at both 0◦ and 90◦ angles relative to
the wood grain. These changes affected both polysaccharides and lignin. The main
changes in polysaccharides involved advanced deacetylation and the further degradation
of hemicelluloses (pentosans), which were more pronounced for maple than for beech and
along the grain than at 90◦. The degradation of hemicelluloses occurred alongside cellulose
degradation, which was more advanced for beech than for maple and for cutting along the
grain than across the grain. These results were consistent with microscopic observations
and core roughness, Rk, measurements. Laser cutting also led to structural changes in
lignin, for both species, including condensation processes.

In conclusion, how the laser affects the surface morphology uncovering the wood
anatomy to a certain degree, and the chemical changes that it induces are species-dependent.
Further work will consider other species processed by laser to understand their specific
morphology and chemical changes when cut through under different angles relative to the
grain and using the same cutting parameters.
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